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Alcohol dehydrogenase (ADH, alcohol: NAD+ oxidoreductase, EC 1.1.1.1) 
is the enzyme that catalyzes the interconversion of alcohols with the corresponding 
aldehydes and ketones. The enzyme has a common occurrence in nature. Most of 
the studies on fish ADH suggest them as a dimeric medium-chain ADH with 
subunit molecular mass of -40 kDa. However, a previous study on grass carp liver 
ADH show a subunit size o f � 2 8 kDa. Besides the structural difference, grass carp 
ADH also has distinguish kinetic properties. This grass carp ADH may be a 
proteolytic product of the original intact enzyme. 
]ji the present study, purification of grass carp liver ADH was carried out 
under two different purification schemes. Both of them consisted of DEAE 
cellulose anion-exchange chromatography and Affi-gel Blue agarose affinity 
chromatography. When the buffer used in the purification contained benzamidine 
and dithiothreitol, ADH-I was pmified Li the absence of them, another form of 
ADH, ADH-C was obtained ADH-I and ADH-C had different structural and 
kinetic properties. ADH-I contained one type of subunits of 40 kDa whereas ADH-
C had two different types of subunits, namely 27 and 13 kDa. Kinetic analysis 
showed that the K^ and V a^x values of ADH-C were higher than those of ADH-I. 
After incubating ADH-I with an ADH-free crude grass carp liver extract, the 
outcoming ADH product possessed structural and kinetic properties similar to 
n 
those of ADH-C. It indicated that ADH-C was a proteolytic product of ADH-I 
brought about by an endogenous protease present in the liver. 
The protease responsible for such proteolytic activation was purified by 
heat treatment, followed by ion exchange chromatographies on DEAE-cellulose, 
Q-Sepharose and affinity chromatography on benzamidine-Sepharose. The 
purified protease was identified as a chymotrypsin-like protease by the effect of 
various protease inhibitors and the activity towards different specific substrates. 
The structural and kinetic properties of this enzyme resembled those of other fish 
chymotrypsins. 
The proteolytic activation of ADH-I could also occur using other 
commercially available proteases. Alkaline protease- and subtilisin BPN'-treated 
ADH-I had similar activity as ADH-C. These proteolytic products of ADH-I were 
indistinguishable with one another in both structural and kinetic properties. ADH-I 
could also be activated by acetimidylation which, however, failed to show any 
effect on ADH-C, indicating that the active site was modified after proteolysis. 
m 
ABBREVIATIONS 
ADH alcohol dehydrogenase 
ADH-C grass carp liver ADH (cleaved form) 
ADH-I grass carp liver ADH (intact form) 
ALDH aldehyde dehydrogenase 
BAEE benzoyl-arginine ethyl ester 
BTEE benzoyl-tyrosine ethyl ester 





EDTA ethylene diaminetetraacetic acid 
FPLC fast protein liquid chromatography 
JE¥ isoelectric focusing 
MDR medium-chain dehydrogenase/reductase 
NaCl sodium chloride 
NAD+ p-nicotinamide adenine dinucleotide 
NADH reducedNAD+ 
ONrH4)2SO4 ammonium sulfate 
PMSF phenylmethanesulfonyl fluoride 
SBTI soybean trypsin inhibitor 
SDR short-chain dehydrogenase/reductase 
SDS-PAGE sodium dodecyl sulfate polyacryamide gel 
Suc-AAPF-NA succinyl-L-Ala-L-Ala-L-Pro-L-Phe-p-nitroamlide 
TPCK tosy-L-phenylalanine chloromethyl ketone 
YADH yeast ADH 
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Introduction 
1.1 Alcohol Dehydrogenase System 
Alcohol dehydrogenase (ADH, akohol:NAD+ oxidoreductase, EC 1.1.1.1) 
is the enzyme which catalyzes the interconversion of alcohols with the 
corresponding aldehydes and ketones. The enzyme was first isolated from yeast 
where it catalyzes the last step of the alcoholic fermentation process, namely, 
reduction of aldehyde to ethanol. ADH was then purified from different 
manunalian species including human (Lange et al., 1976), horse (Seeley & 
Holmes, 1984), guinea pig (Keung & Fong, 1988) etc. 
Although the primary function of ADH is probably not for alcohol 
detoxification in human, it plays a remarkable role in alcohol metabolism and may 
explain the difference in drinking behavior between people. Together with 
aldehyde dehydrogenase (ALDH, ddehyde:NAD+ oxidoreductase, EC 1.2.1.3), 
they form one of the alcohol detoxification systems where ethanol is oxidized by 
ADH to aldehyde which is further oxidized by ALDH to form acetic acid Both of 
these redox reactions utilize NAD+ as the oxidizing agent and the reaction are 
shown as follows: 
ADH 
CH3CH2OH + NAD+ • CH3CHO + NADH + H+ 
CH3CHO + NAD+ + OH' • H 一 CH3COOH + NADH 
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ADH belongs to a very complex enzyme system. Two different families, 
medium-chain ^fchydrogenase/reductase (MDR) and short-chain 
Jehydrogenase/reductase (SDR), are well studied and have been known for a long 
time. Medium-chain ADH includes the classical liver ADH, encompassing the 
classes of human liver ADH which contain two zinc cofactors in each submut for 
catalysis and structure maintenance (Drum et al., 1969; Eklund et al., 1976). Each 
subunit ofmedium-chain ADH has about 350 amino acid residues, while the short-
chain ADH, for example the Drosophila ADH, has shorter subunits (-250 amino 
acid residues) and does not have any metal cofactor. 
][n addition, there are also some other ADH which cannot be classified into 
MDR or SDR, for example the iron-activated ADH (Scope, 1983; Williamson & 
Paquin, 1987) in which other metal ions can substitute zinc in the catalytic 
mechanism. The result also indicated that iron-dependent ADH has similar activity 
as zinc-containing ADH and the enzyme is even more stable during storage. 
Besides, trimeric, zinc-containing long-chain ADH and 72-kilodalton subunit 
ADH have also been obtained from Amycoatopsis methanoUca and Acetobacter 
aceti respectively (Van Ophem, 1992; Lioue et al., 1989). These ADH types 
,which have not been studied in great detail, are collectively referred to as "other 
lines" (Jomvall et al., 1993). 
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1.1.1 Medium-Chain ADH 
Since the isolation of the first mammalian ADH (Bonnichsen & Wass6n, 
1948), the medium-chain ADH has received much attention. Although the medium 
chain ADH in the family have been studied and known for a long time, it 
experienced a major "explosion" of new knowledge, extension and importance 
only recently. 
Within the MDR, ADH can be divided into two different types. One is the 
tetrameric medium-chain ADH, in which yeast ADH is the most characterized 
form. Another type is the dimeric medium-chain ADH, different classes of 
mammalian ADH belong to this type. Yeast ADH and class I ADH have only 
� 2 5 % sequence homology (Jomvall, 1977), even though both of them catalyze the 
same reaction with a common substrate and hence have the same classification 
number. Since they are structurally distant but fimctionally the same, it can be 
concluded that they have different origin but during enzyme evolution, they 
converge towards the same activity. 
1.1.1.1 Dimeric Medium-chain ADH 
Due to the rapid explosion ofknowledge and the previous extensive studies, 
dimeric medium-chain ADH is apparently the most complex part of the ADH 
system. The mammalian forms of this enzyme were first distinguished into three 
classes (Vallee & Bazzone, 1983), had been extended to five in 1992 and now 
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appear to be six (J6mvall & H ^ g , 1994) by the inclusion of a type characterized 
from a strain of deer mice lacking the gene for the classical enzyme (Zheng et al., 
1993). They are all dimers oftwo � 4 0 kDa subunits and each contains two atoms 
ofzinc (Br^d t e et al., 1975; VaUee, 1985). 
Each enzyme subunit can be divided into two domains. The C-terminal 
part, from residues 178 to 318, contains most of enzyme groups participating in 
coenzyme binding. The larger domain (N-terminal part) provides ligands to the 
protein-bound zinc ions and contains most of the residues controlling substrate 
binding and catalytic activity OPettersson，1987). Within the coenzyme binding 
site, the adenosine ribose moiety forms hydrogen bonds to the side chain of Asp-
233 and Lys-228. The former interaction involves both of the ribose hydroxyl 
groups, which explains why the enzyme cannot utilize NADP+ as the coenzyme. 
The mammalian ADH operates by an ordered ternary-complex mechanism 
with NAD+ as the leading substrate (Winberg & Mckinky-McKee, 1988). The 
catalytic zinc ion which has been firmly established to play a crucial role in the 
action mechanism of the enzyme affects the ionization of enzyme-bound alcohols 
such that the proton is transferred to solution and subsequently, the hydride is 
transferred to NAD+. The detail mechanism proposed for liver ADH catalysis is 




V NAD+ ^ NAD+ ^ 
E V = ^ E ^ = ^ E ^Zn-H,0 
ZnH2O ZnH2O ZnHOCHjR ^ 
,‘ NADH�+ 
V ^ 
，f ^H+ RCHO , 
— _ • NADH _ 入 E — H 
ZnOCHjR- ZnOCH2R Zn^ O 
Mammalian ADH were first grouped into three classes based on their 
electrophoretic mobilities, kinetic properties and sensitivity to the ADH inhibitor, 
4-methylpyrazole (Vallee & Bazzone, 1983). Together with the information from 
cDNA structures, six different classes of mammalian ADH have been identified 
(Heden et al., 1986; H66g et al., 1987; Sharma et al., 1989; Zheng et al., 1993), 
and further class may also exist. Now, the classification is generally based on their 
structural characteristics (Jomvall & H6^，1994). 
Class I ADH is the well-known liver enzyme with ethanol dehydrogenase 
activity (Vallee & Bazzone, 1983). In human, class I ADH has a complex set of 
isozymes resulting from dimeric association of three genetically distinct subunits 
and their variants, namely, a, P (pi, p2, p 3 ) and y (yi, Y2) (Fong & Keung, 1993). 
The properties of these isozymes include isoelectric points from 9-11，low Km 
value towards oxidation of ethanol, Ki for 4-methylpyrazole in submicromolar 
level (Bosron et al., 1983; Wagner et al., 1983; Yin et al., 1984; Fong & Keung, 
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1987). The class I ADH can only be found in the vertebrate line，organisms lower 
than bony fish does not contain such isozymes (Danielsson et al., 1994b). Class H 
ADH consists of a single isozyme, 717r-ADH, with an isoelectric point of 8.6, a 
higher K^ for ethanol and it is relative insensitive to 4-methylpyrazole (Ditlow et 
aL, 1984). Class HI ADH have been obtained from five divergent forms including 
mammalian forms (Kaiser et al., 1989), cephalopod form (Kaiser et al., 1993), 
Drosophila form (Danielsson et al., 1994a) and two yeast forms (Sasnauskas et al., 
1992; Wehner et al., 1993); they share about 46% sequence homology. The class 
m enzymes have been identified to be a gIutathione-dependent formaldehyde 
dehydrogenase (Koivusalo et al., 1989). Class rV enzyme have been obtained from 
the upper digestive tract and the comea ofhuman (Moreno et al., 1994; Farres et 
al., 1994; Holmes, 1988) as well as rat stomach (Pares et al., 1990; 1992; 1994). It 
may contribute to the first-pass metabolism of ethanol that may be significant 
during certain physiological condition (Frezza et al., 1990). Moreover, class rV 
ADH is the form most efficient for retinol metabolism (Zgombic-Knight et al., 
1995) and may also play a role in regulating differentiation during vertebrate 
embryogenesis (Ang et al., 1996). A class V enzyme is known at the cDNA level, 
although the corresponding protein has not been detected in human tissues 
(Yasunami, 1991). The latest discovered ADH is the class VI enzyme, which is 
only detected in the cDNA ofADH deficient deer mouse (Zheng et al., 1993). 
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1.1.1.2 Tetrameric Medium-chain ADH 
A typical example of tetrameric medium-chain ADH is the yeast ADH 
(YADH). YADH contains 8 zinc ions and has a total molecular mass of 150 kDa 
(Klinman & Welsh, 1976; Veillon & Sytkowski, 1975). The catalytic site at each 
subunit contains one zinc ion which is absolutely necessary for enzyme activity. It 
is well known that the amino acid residues Cys-46, His-67 and Gly-174 of YADH 
located in the active site are essential for catalytic activity and they are ligands 
bound to the catalytic zinc ion (Coleman & Weiner, 1973; EkIund et al., 1976). 
The second zinc ion (conformational zinc) present in each subunit plays a 
prominent conformational role in maintaining YADH's tertiary and quaternary 
structure and hence it influences the enzyme stability, especially at high 
temperature, and the three dimensional structure ofYADH (Magonet et al., 1992). 
Yeast and mammalian class I ADH are distantly homologous with many 
insertions/deletions and with only about 25 % of all residues conserved (J6mvall, 
1977). Jn spite of the great difference in primary structure, the protein chain of 
YADH was also deduced to have similar three-dimensional folding as horse ADH 
QEkIund et al., 1976). Besides, they share some common structural features, for 
example, the ligands to the catalytic and structural zinc ions, the coenzyme binding 
domain and the hydrophobic cores at the catalytic domain, ln contrast, many ofthe 
residues at or near the surface of the yeast enzyme subunit are not conserved Ln 
addition, YADH is tetrameric whereas mammaHan ADH is dimeric in nature. 
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Substitution of the horse ADH 's Leu-57, Phe-93 and Ser-48 with Trp, Trp and 
Thr, respectively in YADH makes the substrate binding pocket in the yeast 
enzyme narrower. Consequently, YADH is more active towards oxidation of 
ethanol rather than cyclohexanol compared with the horse EE isozyme (Plapp et 
al., 1990). 
Like the YADH, bacterial ADH also belongs to the family of tetrameric 
MDR, although the dimeric form has also been found in some species (Raia et al., 
1994; Cannio et al., 1996). It is commonly believed that ADHs from eukaryotes 
are mainly NAD+_dependent, while those from prokaryotic organisms are either 
NAD+- (D, Auria et al., 1996; Ammendola et al., 1992; GuagIiardi et al., 1996) or 
NADP+-dependent (Lamed & Zeikus, 1980; 1981). Thermophilic ADHs, which 
are found in some thermophilic bacteria, have some structural and fimctional 
differences from other medium-chain ADH. Lti addition to their thermostability 
and thermophilic properties, they show enhanced stability and activity in organic 
solvent and are more resistant to the common protein denaturants (D, Auria et al., 
1996). Thermophilic ADH exhibits some other unique characteristics which 
include temperature-dependent stereoselectivity (Keinan et al., 1986), its reactivity 
towards methanol (Sheehan et al., 1988) but not ketones (D' Auria et al., 1996). 
Together with the structural data, it ftuthers our understanding of the 
structure/fimction relationship ofADH superfamily. 
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1.1.2 Short-Chain ADH 
Although the first report on the short-chain ADH O^rsprung & Leone, 
1965) is several decades later than the discovery ofMDR, the progress on the SDR 
study is similarly rapid At least 57 different enzymes of the SDR family have 
been characterized (Persson et al., 1994), Some examples are mammalian 17-
hydroxyl steriod dehydrogenase (Peltoketo et al., 1988), bacterial ribitol 
dehydrogenase (Jomvall et al., 1984) and Drosophila ADH (Thatcher，1980). 
The Drosophila ADH is the most well-characterized member of the SDR 
family. This family exhibits some different structural and catalytic features 
compared with the medium-chain enzyme. It is a non-metallo enzyme (Moxon et 
al., 1985) consisting oftwo identical subxmits which gives in a native molecular 
mass of 54.4 kDa (Thatcher, 1980). It is not only the molecular weight and metal 
content that distinguish Drosophila ADHs from the yeast and mammalian ADH, 
but also their substrate and coenzyme specificity. 
Similar to medium-chain ADH, each subunit of Drosophila ADH embraces 
two domains coding for coenzyme binding and catalytic site. The medium-chain 
dehydrogenases have a N-terminal catalytic domain and a C-terminal coenzyme 
binding domain, while in the short chain dehydrogenases the coenzyme binding 
domain is located near the N-terminal and the catalytic site around the C-terminal 
half of the molecule (Jomvall et al., 1981). The coenzyme binding domain of 
short-chain and mediiun-chain ADH is a classical Rossmann fold (Rossmann et 
10 
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al., 1975) with the conserved Gly-X-Gly-X-X-X-Gly pattern. That is the only 
structural similarity between the medium-chain and the short-chain 
dehydrogenase. 
Because of the absence of catalytic metal ion at the active site, the 
Drosophila enzyme should have an ionizing group acting as a nucleophilic catalyst 
for the hydride transfer step. The ternary complex formed through alcohol binding 
to the unprotonated form of the ionizing group is formally eqmvalent to an 
alcoholate ion bound by the protonated form of the ionizing group. The ionizing 
group controlling substrate binding in Drosophila ADH is Tyr-152, which is 
stabilized through the side chain ofLys-156, and giving a nucleophilic attack on 
the substrate (McKinley-McKee et al., 1991). Chemical modification (Krook et al., 
1992) and site-directed mutagenesis studies ^)nsor & Tai, 1991; Albalat et al., 
1992; Chen et al., 1993) also demonstrated that Tyr-152 plays a catalytically 
crucial role in Drosophila ADH. The tyrosine residue at position around 150 is 
conserved in all members ofthe SDR family (J6mvall et al., 1994), this appears to 
be the most acute characteristic ofthis family. 
Unlike their mammalian and yeast counterparts, Drosophila ADHs have 
higher activity with secondary than with primary alcohols (Winberg et al., 1986). 
Drosophila ADH also follows a compulsory ordered mechanism with the 
coenzyme as the leading substrate (Winberg et al., 1982). The difference in 
activity between primary and secondary alcohols is also evidenced in different rate 
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limiting steps. With secondary alcohols, the rate limiting step is the dissociation of 
the reduced coenzyme (NADH) from the enzyme-NADH complex, while with 
ethanol it is the interconversion of ternary complex, i.e. the hydride transfer step 
which control the rate ofthe overall reaction O^inberg et al., 1986; 1993; Winberg 
& Mckinky-McKee，1988). The detail catalytic mechanism of short-chain ADH is 
shown as follows: 
NAD+ � 一 NAD+ E 
E ^ E Tyr-H Tyr-H Tyr-H 
NADH 
V ^ ^ 
V^H+ RCHO ” 
RCHjOH f NADH NAD+ � NAD+ NADH 7 � „ 
E ^ 一 E _ 一 E - E 
Tyr- Tyr-HOCHjR- Tyr-HOCHR" 丄”“口 
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1.2 Original Function and Class Evolution of Medium-
chain ADH 
1.2.1 Ancestral Form and Function ofADH 
Lti spite of the rapid development in the understanding of the 
structure/fonction relationship in mammalian ADH, its original fimction is still 
unknown. The amount of ADH in human liver is extremely high ( � 1 mg ADH 
protein per gram liver tissue), however, the endogenous ethanol produced in the 
body is very minute. Several reports pointed to the possibility of the relationship 
between ADH and some physiological alcohols (Keung, 1991; Mardh et al., 1985; 
1986; McEvily et al., 1988). However, no direct evidence has been obtained for 
showing such reactions in vivo. To obtain insight into the original fimction of a 
protein, identification of the ancestor and understanding of the enzyme evolution 
and its primitive fimction in lower organisms may be useful. 
Recent studies denote the general presence of class HI ADH in living 
organisms. Besides in mammals, class HI ADH have been retrieved from fish 
(Danielsson et al., 1992), cephalopods (Fem^dez et al., 1993; Kaiser et al., 
1993), plants (Martinez et al., 1996; Shafqat et al., 1996a; Sugaya & Sakai，1996), 
Drosophila (Danielsson et al., 1994a; Luque et al., 1994)，yeast (Fem^dez et al., 
1995) and bacteria (Gutheil et al., 1992). Since the major forms of ADH in plants, 
yeast and Drosophila are structurally distant from the mammalian enzyme, hence 
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their origin are different The presence of class m ADH in these organisms may 
imply the fundamental importance of the enzyme. 
The specificity ofclass m ADH activity in different life forms suggests that 
all the class HI enzymes act on gIutathione-conjugated formaldehyde. Although the 
class n i ADH has similar activity with long-chain alcohols as other ADH classes, 
it has much lower activity with ethanol. These properties suggest a similar 
functional role of all the class m ADH (Hjelmquist et al., 1995). A comparison of 
the amino acid residues of the class m ADH in mammals (Kaiser et al., 1989), 
cephalopod (Kaiser., 1993), DrosopMa (Danielsson et al., 1994a) and the two 
yeast enzymes (Sasnauskas et al., 1992; Wehner et al., 1993) shows that they have 
46% of the residues conserved This property is comparable with that of the 
classical liver class I ADH, where the conserved residue is 42% by analysis offive 
major vertebrate lines (Persson et al., 1993). The success of subimit hybridization 
of class TR enzymes from distant species by dissociation and reassociation 
experiment also suggests the conserved structural pattem of the enzyme 
(Danielsson et al., 1994b). From the aforementioned, it can be concluded that the 
function and structure of class HI enzyme in living organism is constant. 
Li contrast to the class I and H enzymes, class HI ADH has low affinity 
towards ethanol and is virtually insensitive to pyrazole, however, it can catalyze 
the oxidation of long-chain aliphatic alcohols like octanol (Mia et al., 1987; 
Vallee & Bazzone, 1983). Actually, class EI ADH is structurally far away from 
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the class I and H enzymes OK a^iser et al., 1988). For example, the antibodies against 
human class EL enzyme do not cross react with the class I and H enzymes 
QVLontavonet al., 1989). 
The physiological function of class EL ADH has been inconspicuous since it 
does not participate in ethanol metabolism. It has been proposed that the enzyme 
might have a function in the metabolism of endogenous long chain alcohols and 
aldehydes (Julia et al., 1988). However, no in vivo study has been performed to 
give any direct evidence. After the identification of the class DI ADH as the 
gIutathione-dependent formaldehyde dehydrogenase, its original function becomes 
obvious (Koivusalo et al., 1989). 
The rat formaldehyde dehydrogenase OEC 1.2.1.1) has identical amino acid 
sequence, molecular weight, subunit molecular weight and isoelectric point as the 
rat class ffl ADH (Julia et al., 1988; Koivusalo et al., 1989). Jn addition, both 
enzymes have similar K^ and Vmax values for the alcohol substrates (Koivusalo et 
al., 1989). Therefore they are the same enzyme. 
The true substrate for formaldehyde dehydrogenase is not free 
formaldehyde but the gIutathione-coupled formaldehyde, S-
hydroxymethylgIutathione, which can be oxidized to iS-formylglutathione by the 
oxidation of an alcoholic hydroxyl group O^otila & Mannervik, 1979). Both the 
affinity and catalytic activity of gIutathione-coupled formaldehyde is at least 100 
fold higher than that for 12-hydroxydodecanoate, the best alcohol substrate of 
15 
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class m enzyme (Julia et al., 1987). The optimal pH for the oxidation of S-
hydroxymethylglutathione is close to the physiological condition. This provides 
further support to the suggestion that the original function of the enzyme is for 
formaldehyde elimination as part of the cellular defense mechanisms (Jomvall, 
1994). 
1.2.2 Fish Class I ADH: Implication of Class Evolution 
Although the ancestral form and the physiological role of ADH has been 
found to be class EL and formaldehyde elimination respectively, the metabolic 
roles of different families, classes and isozymes are still obscure. Therefore 
scientists attempted to solve this question by investigating submanmialian ADH. 
Besides the mammalian enzyme, ADH from different vertebrate lines have 
been investigated. These include avian (Hjelmqvist et al., 1995a; Nussrallash et al., 
1989), amphibian (Cederlimd et al., 1991)，reptile (Persson et al., 1993; Shafqat et 
al., 1996b Hjelmqvist et al., 1996) and fish (Fong, 1991; Danielsson et al., 1992; 
Al-Kassim & Tsai, 1993) ADH. The class I ADH obtained from avian, amphibian 
and reptile exhibit similar structural/functional relationship with the mammalian 
enzyme. However, the major piscine liver ADH has class-mixed properties in 
relation to the mammalian class I and HI ADHs. 
According to enzymatic properties, the cod liver ADH is a class I enzyme 
with high sensitivity towards pyrazole and considerably high activity towards 
16 
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ethanol oxidation. Functionally, it resembles typical mammalian liver ADH. 
However, the overall primary structure of the cod enzyme is more similar to 
mammalian class m enzyme than the class I form (64% vs. 55%). Therefore the 
cod enzyme has class-mixed properties, functionally a class I enzyme but 
structurally a class HI enzyme (Danielsson et al., 1992). 
Apart from the "hybrid" class I enzyme, true class EI enzyme has also been 
purified from cod liver by monitoring the gIutathione-dependent formaldehyde 
dehydrogenase activity panielsson & :iOmvaU, 1992). The enzyme resembles 
mammalian class EI ADH both structurally and functionally. The sequence 
homology between the mammalian and cod class DI enzymes is 82%. 
Analyses ofADH in Atlantic hagfish (the most primitivejawless vertebrate) 
and dogfish (a cartilaginous fish), the results show the absence of ethanol active 
class I enzyme ODanielsson et al., 1994b; Hjelmqvist et al., 1995b). Similarly, 
invertebrates also have absolutely no class I enzyme (Fem^dez et al., 1993; 
Kaiser et al., 1993). It implies that class I ADH is only present in the vertebrates at 
or above the level of bony fish. As mentioned above, class DI ADH is present in 
virtually all living organisms and it can be regarded as the ancestral form of ADH. 
The other classes within the dimeric medium-chain ADH family are emanated 
from it through gene duplication. The cod class I enzyme has the class-mixed 
properties, showing that bony fish represents a stage in the evolution of ADH in 
which the class I enzyme isjust about to diverge from the class HI enzyme. 
17 
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The liver ethanol dehydrogenase activity of class I ADH apparently was the 
form emerging after the class JBJl duplication (Danielsson & J6mvaU, 1992). The 
forms have diverged, first in fimction, enzymatic activity has already changed in 
fish line, and later also in structure, reptilian，amphibian and avian enzymes have 
overall structure similar as mammalian class I enzyme. This order of change, more 
rapid in substrate specificity than in overall structure, is compatible with the fact 
that functional properties are governed by a limited nimiber of residues and require 
fewer changes at the substrate-binding pocket than the overall changes in all 
residues (Jomvall et al., 1993). These natural phenomena can be further illustrated 
from site-directed mutagenesis studies which show that a few residue replacements 
at the active site can explain the differences in substrate specificity of enzyme 
classes (Ho6g et al., 1992; Engeland et al., 1993; Estonius et al., 1994). 
Li most studies on fish ADH, both the class I and the class E[ enzymes have 
the medium-chain ADH properties (Danielsson et al., 1992; Danielsson & 
J6mvall, 1992; Al-Kassim & Tsai, 1993). They are dimeric with subunit molecular 
mass of 40 kDa. However, the study on grass carp liver ADH comprises a subunit 
molecular mass of 28 kDa (Fong, 1991). The kinetic properties of that ADH are 
also different from those of other fish ADH. There are several possibilities for 




1.3 Proteases and Proteolysis ofEnzymes 
1.3.1 Types ofProtease and Identification ofProtease 
Proteases have been classified into four classes by the Litemational Union 
of Biochemistry based on the comparison of active site, mechanism of action and 
three dimensional structure. The four classes are serine proteases, 
metaUoproteases, aspartic proteases and cysteine proteases. The serine protease is 
further divided into two families: serine protease I and E (N[eurath, 1984). Serine 
protease I are the mammalian serine proteases, for example trypsin, chymotrypsin 
and elastase, while the serine protease H is the bacterial serine protease, for 
example subtilisin. The two families differ in their amino acid sequence and three 
dimensional structures, but have common active site geometry and enzymatic 
mechanism ON[eurath, 1990). It is generally believed that all enzymes in each 
family cleave peptide bonds using the same basic mechanism with similar catalytic 
residues. 
The initial step for the classification of a newly discovered protease is by 
protease inhibitor studies. The response of the protease to a broad range of 
inhibitor allows a crude classification to one of the four classes. Further 
investigation with more specific inhibitors and protease substrates can assign the 
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protease into mechanistic subclass, such as chymotrypsin-like serine protease 
ODunn, 1990). 
1.3.2 Determination ofProtein Structure by Proteolysis 
Proteolysis is an important tool in the study ofprotein structure. It has been 
used as a routine method to generate peptides for amino acid sequencing of 
protein. Proteins subjected to limited enzymatic proteolysis can be used to probe 
the tertiary structure by identification of region sensitive to proteolysis, and to 
correlate segments with specific fimctions (Loomes & JtovaU, 1991). Proteins are 
usually architected with few substructure coded for individual activity or function 
called domains. For example, class I manmialian ADH has two major domains: 
one for coenzyme binding and the other for catalysis. They are located in the C-
terminal and N-terminal part ofthe enzyme respectively. Domains are distinct and 
compactly folded entities which connected by relatively unconstructed linking 
regions exposed to solvent. Therefore with limited proteolysis, domains can be 
identified and in some cases, with suitable separation procedures, substructures 
can be obtained for ftoher characterization (Konigsberg, 1995). Apart from 
tertiary structure determination, the quaternary structure of the protein can also be 
evaluated. Comparing the protease-sensitive region of the native enzyme and the 
subunits can help to identify regions involved in subimits interaction (Rouim et al., 
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1993). Such investigation is important for the determination of subunit 
arrangement in the active protein. 
1.3.3 Proteolysis of Enzymes 
As mentioned above, functional domains are compactly folded and are 
usually resistant to proteolysis. When the proteolysis occur, generally, it will 
reduce or totally abolish the catalytic activity of the enzymes. Although the whole 
catalytic domain and coenzyme binding domain are present in the N-terminal part 
ofthe cleavage product, trypsinization of the GDP-mannose dehydrogenase results 
in total a loss of enzyme activity (Roychoudhiuy et al., 1992), because the overall 
three dimensional structure and conformation of the enzyme in binding with 
substrate is essential for the catalytic action of that enzyme. Li the case of horse 
ADH, when treated with Lys-specific protease, a semistable product is obtained. 
The fragment may possess catalytic activity by the indirect evidence that the 
activity loss is slower than the disappearance of the intact enzyme (Rouimi et al., 
1993). Li addition, lysozyme represents an example of having a nicked form ofthe 
enzyme that has partial catalytic activity after proteolysis with thermolysin 
(Polverino de Laureto et al., 1995). The enzyme retains the overall three-
dimensional structure but is different in secondary structure when compared with 
the intact enzyme. All these examples illustrate that enzymes catalytic activity can 
be diminished in proteolysis. 
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On the other hand, limited proteolysis can also lead to enzyme activation 
and that is an important regulatory event in many physiological processes, for 
example, zymogen activation of digestive enzymes and the cascade in the 
proteolytic activation of blood clotting and in complement system. Zymogen 
activation is a controlled process in terms of temporal and spatial regulation where 
large amount of the enzyme protein can be initially synthesized and stored in its 
inactive state and enormous activity can be generated by proteolytic activation in a 
short period of time or upon release to its location of action. Limited proteolysis 
has been shown to cause rearrangement of the conformation of the zymogen. This 
phenomenon is generally seen where regulation at the transcription level is too 
slow, and reversible mechanisms such as group transfers are not well suited to 
create a permanent change in the molecular environment. 
Some nicked or truncated enzymes have been shown to be catalytically 
more active than the intact enzymes, one example is the C-terminal truncated 
aspartase from Escherichia coli after limited proteolysis with trypsin (Murase & 
Yumoto, 1993). The activity of the truncated enzyme is enhanced from one fold 
(at high pH) to five fold (at low pH) in the L-aspartate deamination reaction. The 
results in enhancement of activity may be due to the fact that the enzyme is locked 
in the relaxed state rather than in the equilibrium between the tense state and 
relaxed state at low pH. Activation of rat choline acetyltransferase can denote 
another view on the relationship between structure and mechanism of action (Wu 
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et al., 1995). The rat choline acetyltransferase can be activated with trypsin and 
chymotrypsin by limited proteolysis. Although the cleavage site by these two 
proteases have a few residues apart, the degree of activation is similar. The 
activation may represent a structural alternation from which the rate of 
CoA/acetyl-CoA dissociation from the enzyme is increased since the dissociation 
of the CoA product is rate-limiting in the acetylation reaction. The Vmax and CoA 
dissociation rate constants are increased by 25 and 5 fold respectively. Many other 
examples also show that enzyme can be activated by limited proteolysis (Quan et 
al., 1996; Emoto et al., 1995; Sun et al., 1993; Tang et al., 1992). 
1.4 Objectives ofthe Present Study 
1.4.1 Rationale ofthe study 
Lti comparison with other studies on fish liver ADH (Danielsson et al., 
1992; Danielsson & JdmvaU, 1992; Al-Kassim & Tsai, 1993), grass carp Uver 
ADH shows a significant difference in both structuraJily and kinetically (Fong, 
1991). The subunit molecular mass of grass carp liver ADH is 28 kDa instead of 
40 kDa, the normal medium-chain ADH subunit molecular mass. It is possible that 
the 28 kDa subunit of grass carp liver ADH is a proteolytic product of the 40 kDa 
subimits through the action of endogenous protease. It is worth to study such 
phenomenon in more detail since there is still relatively little study on fish ADH. 
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Even though it might be a proteolytic product, the fact that it is catalytically active 
may also provide information on the structure-fimction relationship ofthe enzyme. 
1.4.1 Outline ofthe Thesis 
Lti the present investigation, two different forms of ADH, ADH-I and ADH-
C, were purified by different purification schemes (Chapter 2). ADH-C was 
believed to be a proteolytic product of ADH-I. The protease responsible for the 
proteolytic activation was purified and identified as a chymotrypsin-Uke protease 
(Chapter 3). Such proteolytic activation can also be achieved by some 
commercially available proteases, for example, alkaline protease and subtilisin 
BPN' (Chapter 4). The significance and implications of these results will be 
discussed (Chapter 5). 
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2.1 Introduction 
Altogether, six different classes of manmialian ADH have been identified 
The isozymes are not evenly distributed in tissues. Some of them are only present 
in one tissue, e.g. class E ADH is only found in liver (Dafeldecker et al., 1985), 
\^¾ereas some tissues have only one type of isozyme, e.g. class HI ADH is the only 
ADH form in placenta (Pares et al., 1984; Boleda et al., 1992). In manmials, liver 
always contains the highest ADH activity, the major form of hepatic ADH is the 
class I enzyme. Besides Liver, kidney, gastrointestinal tract, lung as well as 
stomach also contain significant amount of ADH activity (Fong & Keung，1993). 
Compared with the manunalian enzyme, ADH and its tissue distribution are 
relatively unexplored in fish. Jn crucian carp, the white muscle and red muscle 
contain the highest amount of ADH activity while other tissues including liver 
have only negligible ADH activity (NTilsson, 1988; 1990). The high amount of 
ADH in the muscle of crucian carp may represent a cold adaptation mechanism to 
prevent acidosis under anaerobic respiration (Shoubridge & Hochachka, 1980). Jn 
common carp and rainbow trout, the ADH tissue distribution is similar to that of 
mammals (NFilsson, 1988). 
To study the structural and functional properties of the enzyme, purification 
is an initial and important step. Although some kinetic parameters including K^ 
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and Vmax values of the enzyme can be determined in the partially purified mixture, 
structural properties can only be studied in the purified enzyme. 
Jn the typical purification method of ADH involves affinity chromatography 
and ion-exchange chromatography. The commercially available Affi-gel Blue 
agarose and AMP-Sepharose have been proven to be useful in ADH purification 
(Adinolfi & Hopkinson, 1978; 1979). These affinants, however, suffer from the 
disadvantage that they are specific to a group rather than a single protein. 
Generally, they can, in addition to ADH, adsorb other NAD+- and NADP+-
dependent dehydrogenases. 
Besides the group specific affinity resin, an ADH specific affinity resin has 
also been developed O^ange & VaUee, 1976). It is based on the ligand pyrazole 
and its 4-substituted derivatives, which are extremely potent inhibitors (¾ in 
micromolar range) of horse (Dahlbom et al., 1974) and human (Pietruszko, 1975) 
class I ADHs. The pyrazoles are competitive inhibitors of ethanol and bind to 
ADH in the presence of NAD+. The 4-substituted pyrazole analogue, 4[3-^^-6-
aminoca/iroyl)x-<nmnopropyl] pyrazole is immobilized on Sepharose (CapGapp-
Sepharose) as the affinity ligand for ADH. The disadvantage of CapGapp-
Sepharose is that it can only be used for class I ADH purification since other 
classes are relatively insensitive to pyrazole and therefore they are not adsorbed 
onto the column. CapGapp-Sepharose has been used successfully for the 
purification of cod class I ADH in combination with other columns (Danielsson et 
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al., 1992). However, our results indicated that the major form of grass carp liver 
ADH was not adsorbed by this affinity resin. 
Li the previous study on grass carp liver ADH, a combination of DEAE-
cellulose anion-exchange column and Affi-gel Blue affinity chromatography can 
effectively purify the enzyme (Fong, 1991). The ADH is bound tightly to the Affi-
gel Blue resin even in the presence of 1 M NaCl and can only be eluted with 
NAD+. Such a high affinity allows it to be separated from other NAD^/NADP^-
dependent dehydrogenases without any additional FPLC steps. The grass carp liver 
ADH has different kinetic and structural properties compared with the enzyme 
obtained from other fishes. For example, grass carp ADH has a higher Km towards 
oxidation of alcoholic substrates, and a smaller subunit molecular weight which 
may be due to proteolysis of the original enzyme. To examine that, ADH from 
grass carp liver was purified in the presence or absence ofprotease inhibitors. 
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2.2 Materials and Methods 
2.2.1 Materials 
NAD+, dithiothreitol, benzamidine, 4-methylpyrazole and DEAE-cellidose 
were purchased from Sigma Chemical Co., Missouri, USA. Affi-gel Blue agarose 
and chemicals for polyacrylamide gel electrophoresis were obtained from Bio-
Rad, California, USA. Superose-12 FPLC column and low molecular weight 
calibration kit for SDS-PAGE were the products of Pharmacia, Uppsala, Sweden. 
All other chemicals were of analytical grade and were used without fmther 
purification. 
2.2.2 Preparation ofDifferent Tissues Extract 
Grass carp {Ctenopharyngodon idellus) was bought from the local market 
and was killed by a blow on the head Tissues including liver, kidney, heart, 
spleen, brain, gill, gut, red muscle and white muscle were taken out and washed 
with distilled water. AU tissues were stored at -70�C before use. The crude tissue 
extract was prepared by homogenizing the tissue in 10 mM Tris-HCl (pH 7.9) in a 
ratio of 1:1 w/v using a polytron (Kinematics). After centrifugation at 42,500 g for 
1 hr, the supernatant obtained was ready for analysis. 
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2.2.3 Purification of ADH-I (intact form) 
Li a typical preparation, 5 g of liver was homogenized by polytron 
(Kinematics) in 5 ml of 2 mM dithiothreitol, 10 mM benzamidine, 10 mM Tris-
HC1 (pH 7.9). The crude extract was centrifuged at 42,500 g for 1 hr and the 
supernatant was filtered through two layers of cheesecloth to remove large 
particles and fats. Then the filtered supernatant was dialyzed in 2 liters of 2 mM 
dithiothreitol, 5 mM benzamidine, 10 mM Tris-HCl (pH 7.9) ovemight with two 
changes ofbuffer. 
The dialyzed sample was applied to a DEAE-cellulose column ^)cono-
column，2.6 x 8 cm) pre-equilibrated with 2 mM dithiothreitol, 5 mM 
benzamidine, 10 mM Tris-HCl (pH 7.9). The column was first washed with the 
equilibrating buffer (120 ml) followed by 0.1 M NaCl (100 ml) and 1 M NaCl 
(100 ml) in the same buffer. Fractions with ADH activity were pooled and 
concentrated by ultrafiltration (Amicon, PM 10 membrane). The concentrated 
sample was then dialyzed against 2 mM dithiothreitol, 5 mM benzamidine, 10 mM 
sodium phosphate (pH 7.2) before loaded onto an Afl5-gel Blue agarose column 
^^cono-column, 1.6 x 6.5 cm) equilibrated with the same buffer. The column was 
washed with the equilibrating buffer (45 ml) and then with 1 M NaCl in the same 
buffer (60 ml). The ADH was eluted with 5 mM NAD+ in 10 mM sodium 
phosphate (pH 7.2). Active fractions were pooled, concentrated by ultrafiltration 
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(Amicon, PM 10 membrane), dialyzed against 10 mM sodium phosphate (pH 7.5) 
and finally stored at 4 � C before use. 
2.2.4 Purification of ADH-C (cleaved form) 
The procedure for the purification of ADH-C was identical with that for 
ADH-I except that dithiothreitol and benzamidine were absent in all the buffers. 
To make sure that all the ADH exist in the cleaved form, ADH-C, the preparation 
after DEAE-cellulose chromatography was placed at room temperature for 5 hr 
before dialysis and subsequent Affi-gel Blue affinity chromatography. 
2.2.5 Enzyme and Protein Assays 
ADH activity was determined at 2 5 � C by following the increase in 
absorbance at 340 nm using either Beckman DU7500 or Hitachi 2000 
spectrophotometer. To monitor ADH during purification， two different 
concentrations ofethanol, i.e. 40 mM and 250 mM were used in the assay medium 
which contains 2.5 mM NAD+ and 0.1 M gIycine-NaOH (pH 10.5). One unit of 
enzyme activity is defined as the amount of enzyme that catalyzes the formation of 
1 jLunole NADH per minute under the condition of assay. The molar absorptivity of 
NADH at 340 nm is 6220 M^cm'\ 
Protein concentration was determined by the method of Lowry et al. (1951) 
using bovine serum albumin as standard To each 0.1 ml sample, 2 ml solution A 
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(1% w/v CuSCV5H2O : 2% w/v K, Na-tartrate: 2% w/v Na2CO3 in 0.1 N NaOH, 
1:1:100) was added After mixing, the sample was allowed to stand at room 
temperature for 10 min before 0.1 ml solution B (Folin's reagent) was added and 
mixed immediately. The sample was allowed to stand at room temperature for 45 
min before measuring the absorbance at 750 nm. 
2.2.6 Sodium Dodecyl Sulfate PoIyacrylamide GeI Electrophoresis 
(SDS-PAGE) 
Electrophoresis in SDS-polyacrylamide gel was performed according to the 
method of Laemmli and Favre (1973) using 12% separating gel and 5% stacking 
gel. Samples were diluted with sample loading buffer (10% glycerol, 0.4% SDS, 
0.005% bromophenol blue and 20 mM EDTA, 5% v/v P-mercaptoethanol in 0.5 M 
Tris-HCl (pH 7.5). The samples were boiled for 5 min and cooled to room 
temperature before loaded onto the polyacrylamide gel. Electrophoresis was 
performed at a constant current of 15 mA at room temperature. After the tracking 
dye, bromophenol blue, reached the bottom of the gel, electrophoresis was 
stopped The gel was stained with 0.05% w/v Coomassie brilliant blue R-250 in 
acetic acidAnethanol/water (1:3:10) and destained with acetic acid/methanol/water 
(1:3:10) until the background is clear. 
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2.2.7 Gel Filtration on Superose-12 FPLC Column 
The native molecular mass was determined by size exclusion 
chromatography on Superose-12 FPLC colunm (Pharmacia). The column was 
eluted with 50 mM NaCl，0.1 M sodium phosphate (pH 7.0) at a flow rate of 0.5 
ml per minute. The molecular weight standards for calibration of the column 
include blue dextran (2000 kDa), horse ADH (80.0 kDa), ovalbumin (45.0 kDa), 
chymotrypsinogen A (25.0 kDa) and ribonuclease A (13.7 kDa). 
2.2.8 Amino Acid Composition Determination 
ADH was hydrolyzed in 6N hydrochloric acid at 1 2 5 � C for 24 hr. For 
cysteine content determination, 352.5 mM DMSO was included in the acid 
hydrolysis mixture (Spencer & Wold, 1969). After acid hydrolysis, the samples 
were dried at 9 0 � C to remove the remaining acid. It was then redissolved in 
sample buffer provided by the manufacturer and was ready for amino acid 
composition analysis using Beckman System-Gold™ amino acid analyzer. 
2.2.9 N-terminal amino-acid sequencing 
The protein was electroblotted onto the PVDF membrane after SDS-PAGE. 
The protein band was visuaUzed by staining with 0.5 % Ponceau S in 1 % acetic 
acid. The blots were sent to Molecular Biology Resource Facility, William K. 
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Warren Medical Research Institute, University of Oklahoma Health Sciences 
Center, USA for N-terminal amino-acid sequencing. 
2.2.10 Proteolytic Activation ofADH-I by Crude Liver extract 
The ADH-free crude extract was prepared by applying the clarified crude 
liver homogenate，after dialysis in 10 mM sodium phosphate OpH 7.2)，onto the 
Affi-gel Blue agarose column which had been equilibrated with the dialyzing 
buffer. The break-through fractions contain the ADH-free protease while ADH 
was adsorbed onto the column. The activation of ADH-I was followed by 
incubating ADH-I with the crude ADH-free protease preparation at 25 °C. 
Aliquots were removed at intervals for ADH activity assay with 40 mM and 250 
mM ethanol in an assay medium containing 2.5 mM NAD+, 0.1 M gIycine-NaOH 
(pH 10.5). 
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2.3 Results 
2.3.1 Tissue Distribution of Grass Carp ADH 
Jn grass carp, liver had the highest specific ADH activity (0.22 U/mg) 
followed by kidney (0.13 U/mg). For the other tissues examined, only gut and 
spleen possessed significant amount of ADH activity (Table 2.1). Li addition to 
high specific activity, the organ weight ( � 5 0 g) and high protein content suggest 
liver to be the major source of ADH in grass carp for fiuther investigation. 
2.3.2 Purification and Molecular Properties of Grass Carp Liver ADH 
The elution profile of the crude extract on DEAE-cellulose column was 
shown in Fig. 2.1. ADH-I was adsorbed onto the anion-exchanger while the 
majority of contaminant proteins were washed out in the break-through fractions 
(DEAE-^. Fraction displaying ADH activity were eluted with 0.1 M NaCl 
(DEAE-n). After the DEAE-cellulose column, more than 70 % of the non-ADH 
soluble proteins were removed and � 9 5 % of enzyme activity was recovered 
(Table 2.2). DEAE-E was then subsequently applied to the Affi-gel Blue agarose 
affinity column for further purification. ADH-I exhibited a high affinity towards 
the Affi-gel Blue agarose column. The enzyme remained bound to the colmrm 
even when washed with 1 M NaCl. The ADH was only washed out by the 
coenzyme NAD+ at a concentration of 5 mM (Fig. 2.2). 
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Table 2.1 Tissue distribution of grass carp ADH. 
Tissue a Activity ^ Protein content ^ Specific Activity 
OJ/ml) (mg/ml) QJ/mg) 
Liver 530 24^ 0 ^ 
Kidney ^37 K l ^ 
Heart T ^ ^ -
Spleen 0^9 ^ 6 0.021 
Brain iE®^ ^ 1 -
^ ^ ^ : 
^ L ^ 1 ^ 0.055 
Red muscle ND 8.4 -
~~White muscle ND I s ^ -
a The preparation of tissue extracts are described in Section 2.2.1. 
° Protein concentrations were determined by method of Lowry as mentioned in 
Section 2.2.5. 
b The ADH activity was determined in 2.4 mmol NAD+，40 mM ethanol, 0.1 M 
glycine-NaOH, pH 10.5. 
d ND: not detectable, the activity ofADH was below 0.01 U/mI. 
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Fig. 2.1 Chromatography ofADH-I on DEAE-cellulose. The 42,500 g supernatant 
of liver homogenate, after dialysis against 2 mM dithiothreitol, 5 mM 
benzamidine, 10 mM Tris-HCl (pH 7.9) was loaded onto a DEAE-cellulose 
column (2.6 x 8 cm). The colunm was washed with the dialyzing buffer and eluted 
with 0.1 M and finally 1 M NaCl in the same buffer. Fractions of 5 ml were 
collected Activity was assayed with 40 mM ethanol, 2.4 mM NAD+，0.1 M 
glycine-NaOH (pH 10.5). 
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Table 2.2 Purification of ADH-L ‘ 
Purification Total Activity Total Protein Specific Yield Purification 
Stepb (U) ' (mg)d Activity (%) fold 
(U/mg) 
42500 X g sI^ 280 0.186 Tw 1 
supernatant 
DEAE- 4 ^ ^ 0.595 ^ 3 ^ 
cellulose 
Affi-gel Blue 2 ^ 2^40 VLl 5L3 5 ^ 
agarose 
a 5 g grass carp liver was used 
b The detail procedures for the purification of ADH-I is described in Section 2.2.3. 
c ADH activity was determined in 2.4 mM NAD+, 40 mM ethanol, 0.1 M glycine 
NaOH, pH 10.5. Activity was corrected for the inhibition by benzamidine present 
in the preparation. 
d Protein concentrations were determined by method of Lowry as mentioned in 
Section 2.2.5. 
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Fig. 2.2 Chromatography of ADH-I on Affi-gel Blue agarose. The DEAE fraction, 
after dialysis against 2 mM dithiothreitol, 5 mM benzamidine, 10 mM sodium 
phosphate (pH 7.0) was loaded onto an Affi-gel Blue agarose column (1.6 x 6.5 
cm). The column was washed with the dialyzing buffer, followed with 1 M NaCl 
in the buffer. Finally, ADH was eluted with 5 mM NAD+ in 10 mM sodium 
phosphate (pH 7.5). Fractions of 3 ml were collected. Activity was assayed with 
40 mM ethanol, 2.4mMNAD^ 0.1 M gIycine-NaOH (pH 10.5). 
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SDS-PAGE analysis suggested that this preparation of ADH-I consisted 
only a single band of protein with molecular mass about 40 kDa (Fig. 2.3A). Size 
exclusion chromatography of ADH-I on Superose-12 FPLC column revealed a 
single peak of 80 kDa (Fig. 2.4A). N-terminal amino acid sequencing indicated 
that the N-terminal ofADH-I was blocked. Its amino acid composition was shown 
in Table 2.3. By using the present purification scheme, ADH-I was successfully 
purified from the crude extract About 2.4 mg of pure ADH-I can be obtained from 
5 g grass carp liver in 3 days with a recovery of 51 % (Table 2.2). 
The purification of ADH-C was carried out with the same combination of 
chromatographic methods as ADH-I. The only difference was the absence of 
dithiothreitol and benzamidine in the buffers during the purification. The elution 
profiles of ADH-C on DEAE-cellulose (Fig. 2.5) and Affi-gel Blue agarose 
colmnn (Fig. 2.6) were basically the same as those for ADH-I. SDS-PAGE 
analysis of ADH-C obtained by this purification method showed two different 
protein bands of molecular mass 27 and 13 kDa O i^g- 2.3B). The yield in total 
activity was increased after DEAE-cellulose chromatography in assay with both 40 
and 250 mM ethanol. The total activity of the final preparation after Affi-gel Blue 
agarose chromatography was higher than that of the crude extract, when assay 
with 250 mM ethanol (Table 2.4). The N-terminal of the 27 kDa polypeptide had 
an amino acid sequence of SDPTTRFT, whereas the N-terminal of the 13 kDa 
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Fig. 2.3 SDS-PAGE analysis of ADH-I (A) and ADH-C (B). Lanes 1 and 3: 
molecular mass standards OPharmacia) including phosphorylase b (94.0 kDa), 
bovine serum albumin (67.0 kDa), ovalbumin (43.0 kDa), carbonic anhydrase 
(30.0 kDa), soy bean trypsin inhibitor (20.1 kDa) and a-lactalbumin (14.4 kDa); 
lane 2: ADH-I, lane 4: ADH-C. 
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Fig. 2.4 Size exclusion chromatography of (A) ADH-I and (B) ADH-C on 
Superose-12 FPLC column. The column was eluted with 50 mM NaCl, 0.1 M 
sodum phosphate Q)H 7.0) at a flow rate of 0.5 ml/min. The molecular mass 
standards used include blue dextran (2000 kDa), horse liver ADH (80.0 kDa), 
ovalbumin (45.0 kDa), chymotrypsinogen A (25.0 kDa) and ribonuclease A (13.7 
kDa). 
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Table 2.3 Amino acids composition of grass carp liver ADH-L ^  
Amino Acids Grass Carp Cod Liver Cod Class Horse 
Liver ADH-I class I ADH m A D H Liver ADH 
Glycine — 41 39 43 — 38 — 
Alanine — 31 一 29 37 28 
Valine — 34 42 40 — 39 — 
Leucine ^ ^ ^ ^  
Isoleucine “ 21 20 18 24 
Serine 23 20 17 — 26 — 
Threonine 25 — 21 25 24 
Lysine 31 31 — 27 — 30 — 
Arginine — 14 一 10 11 12 
Histidine 5 9 7 7 
Aspartic Acid — 30 1 8 ( 1 3广— 1 5 ( 1 1 ) ' ~ ~ 25(7) ‘ ~ 
Glutamic Acid 29 22(9) “ 26(7) “ 29(9) ^ 
Proline 18 18 ]S 20 
Tryptophan “ ND^ 5 4 2 
Phenylalanine — 18 17 17 — 18 — 
Tyrosine 6 3 6 4  
Methionine “ 8 — 8 7 9 
Cysteine 15 “ 15 15 14 
Total ~ 375 375 375 — 374 —  
Reference this study Danielsson & Danielsson Jomvall,  
J6mvall, 1992 etal., 1996 1970 
a The detail procedures for amino acid composition determination are in Section 
2.2.8. 
b The number in parenthesis represents the number of Asn. 
^ The number in parenthesis represents the number of Gln. 
^ND:Notdetermined 
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Fig. 2.5 Chromatography of ADH-C on DEAE-cellulose. The 42,500 g 
supernatant of liver homogenate，after dialysis against 10 mM Tris-HCl (pH 7.9) 
was loaded onto a DEAE-cellixlose column (2.6 x 8 cm). The column was washed 
with the dialyzing buffer and eluted with 0.1 M and finally 1 M NaCl in the same 
buffer. Fractions of 5 ml were collected Activity was assayed with 40 mM 
ethanol, 2.4mMNAD+, 0.1 M gIycine-NaOH (pH 10.5). 
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Fig. 2.6 Chromatography of ADH-C on Affi-gel Blue agarose. The DEAE 
fraction，after dialysis against 10 mM sodium phosphate (pH 7.0), was loaded onto 
an Affi-gel Blue agarose colunm (1.6 x 6.5 cm). The column was washed with the 
dialyzing buffer, followed with 1 M NaCl in the buffer. Finally, ADH was eluted 
with 5 mM NAD+ in 10 mM sodium phosphate (pH 7.5). Fractions of 3 mI were 
collected. Activity was assayed with 40 mM ethanol, 2.4 mM NAD+, 0.1 M 
glycine-NaOH (pR 10.5). 
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Table 2.3 Preparation of ADH-C. ® 
Purification ^ Total Protein 40 mM Ethanol 250 mM Ethanol 
step (mg) e  
total act. GJ) d sp.act.OJ/mg) total act. 0^) sp.act. OJ/mg) 
42500 X g 333 3 M 0.108 3 ^ 7 ~ 0.116 
Supernatant  
DEAE- l 4 ^ 5 ^ 3 ^ m ~ ~ 9.07 
cellulose  
Affi-gel Blue L47 T ^ iT4 sKs 3S^ 
agarose  
a 5 g ofgrass carp liver was used 
b The detail procedures for the purification of ADH-C is described as Section 
2.2.4. 
® Protein concentrations were determined by method of Lowry as mentioned in 
Section 2.2.5. 
d ADH activity was determined in 2.4 mM NAD+, 0.1 M glycine-NaOH OpH 10.5) 
containing the indicated concentration of ethanol. 
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subunit was blocked (Fig 2.7). The native molecular weight of ADH-C was 
determined to be 80 kDa on gel filtration chromatography OFig 2.4B). Through this 
purification method, 1.47 mg of pure ADH-C could be obtained from 5 g grass 
carp liver (Table 2.4). 
2.3.3 Kinetic Properties ofADH-I and ADH-C 
The activity of ADH-I and ADH-C towards oxidation of different 
concentrations of ethanol is shown in Fig. 2.8. The two enzyme forms showed a 
significant difference in their response to low and high concentrations of ethanol. 
The catalytic activity of ADH-I was higher than that of ADH-C at low 
concentration of ethanol. Substrate inhibition occurred in ADH-I when ethanol 
was above 50 mM in the assay medium, however, for ADH-C it did not occur at 
concentrations below 500 mM. Actually, ADH-C was a better ethanol 
dehydrogenase than ADH-I when the concentration of ethanol was higher than 50 
mM. The Km and Vmax values of ADH-C was 163 and 5.16 fold, respectively, 
higher than those ofADH-I. When 1-pentanol was used instead of ethanol, similar 
results were obtained. The Km and Vmax values of ADH-C was 76.1 and 4.11 fold 
higher respectively (Table 2.5). Unlike the alcoholic substrates, the Km value for 
the coenzyme NAD+ had less variation between the two enzyme forms (Table 2.5). 
ADH-I was more sensitive to the ADH specific competitive inhibitor, 4-
methylpyrazole. The Ki values for ADH-I and ADH-C was 1.85 and 30.6 ^M 
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125 130 
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125 130 
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125 130 
Alligator Acetylated-—A D G T S R F T-— 
125 130 
Frog Acetylated——L D K T S R F T--… 
125 130 
Cod Acetylated-—S P K E T R F T—— 
Grass Carp 
ADH-I Blocked—T  
(40 kDa) I 
cleavage site 
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(13 kDa)+ SDPTTRFT—— 
(27 kDa) 
Fig. 2.7 N-terminal sequence of ADH-I and ADH-C. The sequences were aligned 
with major functionally class I ADH from different vertebrate lines (J6mvall, 
1977; Hjelmqvist et al., 1995a; Persson et al., 1993; Cederlund et al., 1991; 
Danielsson, et al., 1992). Bold type letters indicate residues that are identical with 
those in grass carp enzyme. 
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Fig 2.8. Activity response of ADH-I (close circle) and ADH-C (open circle) to 
increasing ethanol concentration. Enzyme activity was determined with 2.5 mM 
NAD+ in 0.1 M gIycine-NaOH (pH 10.5) containing different concentration of 
ethanol. 
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Table 2.5 Steady state kinetic parameters of ADH-I and ADH-C. ^  
Substrate pH ADH-I ADH-C 
Km(rnM) VmaxO /^mg) Km(rnM) VmaxOJ/mg) 
Ethanol ‘ i ^ l Tm u 2 i ^ ^ 
1-Pentanol ‘~~T51 0.023 7 M T ^ H 1 
~~~NAD+ ^ 0.107� - 0.284 ^ -
Ethanol ^ T5 0 ^ 0 ^ l88 1^1 
~~"NAD+ 7^ 0.033 ‘ - 0.116^ -
a Enzyme activity was determined in 0.1 M gIycine-NaOH (pH 10.5) or sodium 
phosphate (pH 7.5). 
b Kinetic constants for the alcohol were determined at 2.5 mM NAD+. 
e Km value of ADH-I for NAD+ was determined at 40 mM ethanol. 
d Km value ofADH-C for NAD+ was determined at 250 mM ethanol. 
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respectively. Benzamidine, a protease inhibitor used in ADH-I ’s purification，can 
also inhibit ADH-I and ADH-C in a non-competitive manner. The apparent 
inhibition constants for ADH-I and ADH-C were 8.08 and 30.3 jnM respectively. 
Both ADH-I and ADH-C shared similar pH dependency of activity: the 
activity at pH 10.5 was higher than that at pH 7.5. The V a^x value of ADH-I and 
ADH-C was 18.6 and 3.72 fold higher respectively at pH 10.5 than at pH 7.5. On 
the other hand, the Km values remained relatively unchanged at the two different 
pHs. The kinetic parameters for the different substrates at pH 7.5 and 10.5 are 
summarized in Table 2.5. 
2.3.4 Activation of ADH-I 
ADH-I could be activated by incubating with an ADH-free crude liver 
extract. The activity assayed at 250 mM ethanol exhibited a continuous increase of 
activity upon incubation. The activation was about 4.5 fold after 4 hr of 
incubation. When the enzyme was assayed at 40 mM ethanol, the activity had no 
apparent change. Thus, the ratio of activity at 40 mM to 250 mM decreased from 
1.29 to 0.29 after the incubation. 
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Fig. 2.9. Activation of ADH-I by an ADH-free crude grass carp liver extract. The 
purified ADH-I was treated with an ADH-free crude grass carp liver extract in 10 
mM sodium phosphate (pH 7.5) at 25 °C. (A) Aliquots were removed at the 
indicated times and activity was assayed with 2.5 mM NAD+ in 0.1 M gIycine-
NaOH (pH 10.5) containing 40 (close circle) and 250 (open circle) mM ethanol. 
(B) Activity ratio refers to the ratio of activity at 40 to 250 mM ethanol. 
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2.4 Discussion 
The spatial distribution of ADH activity in grass carp was conserved with 
vertebrates from different lines QSTilsson, 1988). Liver contained the biggest source 
of ADH and other tissues ,except kidney, contained only very minute amount of 
ADH. Lti contrast to crucian carp in which the highest ADH activity was found in 
the red and white muscle QSTilsson, 1988; 1990), ADH activity of grass carp red 
muscle and white muscle was negligible. 
Besides crucian carp, the only species reported to have a high ADH activity 
in muscle is goldfish (Shoubridge & Hochachka, 1980). Both cmcian carp and 
goldfish have to encounter the seasonal anoxic environment in their habitats. The 
high ADH activity in the muscle help them to adapt aquatic life under anoxic 
environment where anaerobic gJycolysis will be used instead of aerobic respiration 
to provide energy for the various physiological activities. During anaerobic 
respiration, a large amount of lactic acid will be produced and that will cause 
acidosis. The presence ofADH in muscle can help to convert lactic acid to ethanol 
which can freely diffuse out through the gill and thus its concentration will never 
exceed the toxic limit. Such spatial distribution is an evolutionary event, and will 
not be affected simply by environmental change, like seasonal change fNTilsson， 
1988，1990). Similarly, such behavior cannot be induced under anoxic condition 
for other type of fish. 
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The liver of grass carp contained the highest specific activity of ADH 
(Table 2.1)，thus ADH must have significant importance in liver. Actually, the 
spatial distribution of ADH activity mainly in liver is a common observation in 
fish. Li addition to grass carp, rainbow trout and common carp also have the 
similar tissue distribution ofADH (Nilsson, 1988). 
Li the present investigation，grass carp liver was used for ADH purification. 
Two different forms were purified in the presence or absence ofprotease inhibitor. 
They are different in both structural and kinetic properties. The proteolytically 
cleaved form was more active than its original intact form in response to high 
concentration of alcoholic substrate, for example at 250 mM ethanol, ADH-C was 
4.5 fold more active than ADH-I. 
When the protease inhibitor, benzamidine, and the sulfhydryl protecting 
agent, dithiothreitol, were absent in the purification scheme, the ratio of activity 
assayed at 40 to 250 mM ethanol was decreasing in each step from an initial value 
of 0.93 in crude extract to a final value of 0.29 after Affi-gel Blue agarose 
chromatography (Table 2.4). The total activity also increased by 46 % and 230 % 
respectively at 40 and 250 mM ethanol after the DEAE-celMose step. It indicated 
that at low K^ and low activity form of ADH was converted to a high Km and high 
activity form during the purification. Such conversion occurred as a resvdt of a 
specific cleavage as indicated by the observation in the SDS-PAGE analysis (Fig. 
2.3). The intact (low Km, low activity) form which consisted of a single type of 
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subunit of molecular mass 40 kDa was changed to the cleaved (high Km, high 
activity) form which had two different type of subunits, 27 and 13 kDa. The same 
electrophoretic pattem of ADH-C was obtained in the non-reducing condition, 
indicating that the two types of subunit were not connected by disulfide linkage. 
The native molecular mass of ADH-C determined by gel filtration revealed a 
single peak of 80 kDa, suggesting that each ADH-C molecule contained two 27 
and two 13 kDa subunits. The subunits were tightly but non-covalently associated 
together in the native protein as they were not dissociated even with the treatment 
of 1 M NaCl in the Affi-gel Blue chromatographic step. 
The activation process was accelerated after DEAE-cellulose, it might be 
due to the removal of most other proteins so as to make ADH more easily 
accessible by the protease. It also indicated that the protease co-existed with ADH 
after the ion exchanger and they were not separated until the Affi-gel Blue affinity 
step. Li order to ensure that all ADH-I were converted to ADH-C, the ADH 
preparation after DEAE-cellulose was allowed to stand at room temperature. After 
5 hr incubation, the activity ratio at 40 to 250 mM ethanol was decreased to 0.30. 
Further incubation could only decrease the activity but the ratio remained 
unchange. Thus, incubation at room temperature resulted in some loss of enzyme 
activity and thus lead to a low recovery of ADH-C. 
When the protease inhibitor was present, only ADH-I was obtained and a 
single band was observed upon SDS-PAGE analysis. Benzamidine and 
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dithiothreitol can effectively prevent the conversion of ADH-I to ADH-C. After 
the affinity chromatography step, Affi-gel Blue agarose, benzamidine and 
dithiothreitol were removed by dialysis. The resulting ADH-I was stable and no 
fturther conversion to ADH-C was observed It indicated that the protease was 
completely separated from ADH preparation and ADH-I alone could not undergo 
proteolytic activation. The subunit molecular mass of ADH-I was 40 kDa on SDS_ 
PAGE-analysis and the native molecular mass was determined to be 80 kDa by gel 
filtration. The kinetic properties of ADH-I was similar to those of the cod liver 
class I ADH (Danielsson et al., 1992). Thus, like the cod class I ADH, grass carp 
ADH-I belonged to the dimeric medium-chain ADH family. 
Direct incubation of ADH-I with an ADH-free crude liver extract led to 
proteolytic activation. The resulting ADH species resembled ADH-C both 
structurally and kinetically. It provided direct evidence on the suggestion that 
ADH-C was a cleavage product of ADH-L N-terminal amino acid sequencing of 
ADH-I and ADH-C was performed in order to locate the specific cleavage site in 
the activation process. Like other ADHs, the N-terminal of ADH-I was blocked 
and the same observation was obtained for the 13 kDa polypeptide，while 8 amino 
acids were successfully sequenced from the N-terminal of the 27 kDa subunit. By 
comparing with the class I ADH from different vertebrate lines (Cederlund et aJL, 
1991; Danielsson et al., 1992; Hjelmqvist et al., 1995a; Jomvall, 1977; Persson et 
al., 1993), it was found that the proteolytic cleavage of ADH-I occurred at the 
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position of 124-125 from N-terminal of the enzyme. The different ADHs share 
high sequence homology in this region although their whole sequence homology is 
only about 40 % (Danielsson et al., 1994a). 
The Km and Vmax values for ethanol, Km value for NAD+ and Ki value for 4-
methylpyrazole of ADH-I were similar to those of cod class I ADH (Danielsson et 
al., 1992). Although the Km value of primary alcoholic substrate and catalytic 
activity of ADH-C was significantly higher than that of ADH-I, they shared some 
kinetic properties, for example, the Km value decreased with increase in the chain-
length of alcohol and both were more active at high pH (pH 10.5) than low pH (pH 
7.5). 
ADH-I represented the original physiological form of grass carp liver class I 
ADH. Comparing its amino acid composition with cod class I ADH (Table 2.3), 
no significant difference was observed Although the overall primary structure of 
cod class I ADH is more similar to cod class EI ADH than mammalian class I 
ADH, the overall homology between cod class DI ADH and mammalian class I 
ADH is 61 % and 56 % respectively (Danielsson et al., 1992; 1996). Thus, the 
similarity of grass carp ADH-I and cod class I ADH amino acid composition 
(Table 2.3) with both cod class HI and horse liver ADH was not unexpected 
ADH-C represents the form of grass carp liver ADH purified in the 
previous study (Fong, 1991) where the same purification scheme was used Li that 
study, only the larger kDa subunit was detected. The 13 kDa subunit was probably 
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overlooked since it was very close to the dye front and gave a relatively weak 
staining band 
Generally, proteolysis on the intact enzyme will cause the loss of enzyme 
activity. Such a phenomenon has been observed in Drosophila ADH (Fibla et al., 
1993). Where the enzyme was susceptible to the auto-proteolysis as well as 
proteolysis by other commercial proteases. After proteolysis, Drosophila ADH 
loses its catalytic activity. Although a recent study on horse ADH suggests that a 
cleavage product after treating with Lys-specific protease may still retain activity 
(Rouimi et al., 1993), however, such a conclusion is only based on the indirect 
evidence that the disappearance of intact ADH was faster than the decrease of 
activity. This semistable product has not been purified and characterized in detail. 
Thus, our present finding represents the first example of proteolytic activation of 
ADH and provides a direct evidence that a cleavage form of ADH can possess 
significant enzymatic activity. 
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3.1 Introduction 
Unwanted proteolysis is a universal problem encountered in the purification 
of enzyme, i f the enzyme is susceptible to proteolysis by endogenous protease, the 
activity of the enzyme will be diminished or even lost Nevertheless, the 
proteolytic product wiU be removed in the separation process because the most 
common way to follow the purification is by monitoring the enzyme activity. 
Hence, only the yield of the purification will be lowered 
Li some other purification processes, not only the precaution for proteolysis 
is not required, but indeed extra protease is added to the crude extract. Such 
purification scheme is usually used in those enzymes which exist as inactive 
zymogen and require activation by other protease. There are two reasons for the 
addition of protease. First, monitoring of the purification is difficult for the 
inactive zymogen. Second, the purification yield can be significantly enhanced 
with the proteolytic activation step. One typical example is the purification of 
chymotrypsin which needs trypsin for activation. The crude extract of 
chymotrypsin preparation is allowed to stand at room temperature or even with the 
addition of extra trypsin for complete conversion of the inactive chymotrypsinogen 
to the active chymotrypsin. 
For those cases in which both the intact enzyme and its proteolytic product 
possess activity, the purification and analysis will become more complicated 
Since they are catalytically active for the same reaction, neither of them will be 
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lost in the process and usually they co-exist in the final preparation. Moreover, 
different purification schemes will give a variable proportion of proteolytic 
product and their activity may also be different. The intact form can only be 
obtained when the purification was carried out in the presence of a variety of 
protease inhibitors. 
Li our study on grass carp ADH, similar phenomenon was observed Two 
different forms of enzyme were obtained by different purification schemes. Li the 
presence of benzamidine and dithiothreitol, ADH-I (intact form) with subunit 
molecular mass of 40 kDa was obtained. When the effectors were absent, ADH-C 
(cleaved form) was obtained and consisted of two different types of subunit, 
namely, 27 and 13 kDa (Chapter 2). 
An endogenous protease was believed to be responsible for the conversion 
of ADH-I to ADH-C. Both ADH-I and ADH-C were catalytically active towards 
ethanol oxidation. ADH-I had similar kinetic properties as its counterpart in cod 
and mammals, hence, the conversion is not a typical zymogen activation. ADH-I 
represented the physiological form of ADH in grass carp whereas ADH-C was 
only a proteolytic product of ADH-I and it could not be obtained in the presence 
ofprotease inhibitors. 
Although ADH-C was not the physiological and naturally occurring form, it 
was active and had a higher Km and V^x value than its original intact form, ADH-
I. This is the first example of a catalytically active ADH cleavage product. 
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Although it arose from an artefact during the purification process, it might be 
exploited to understand the structure/function relationship of the enzyme. 
Li the present investigation, the protease responsible for the proteolytic 
activation of ADH was purified Such proteolytic activation of ADH had not been 
reported in other fish, thus the protease involved is worth studying in more detail. 
The purification process was monitored by the activity of the protease to activate 
ADH-I in the oxidation of a high concentration (250 mM) of ethanol. Based on its 
susceptibility towards various protease inhibitors and its substrate specificity, the 
"ADH-activating protease" was identified as a chymotrypsin-like protease. While 
the protease could activate grass carp ADH-I, it failed to show any significant 
effect on horse liver ADH. 
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3.2 Materials and Methods 
3.2.1 Materials 
DEAE-cellulose, NAD+, casein, BTEE, BAEE, Suc-AAPF-NA, 
benzamidine, leupeptin, pepstatin A, EDTA, 1,10-phenanthroline, SBTI, PMSF, 
TPCK, iodoacetic acid, 3,4-DCI, E-64, bovine chymotrypsin and horse ADH were 
purchased from Sigma, Missouri, USA. Q-Sepharose and benzamidine-Sepharose 
were obtained from Pharmacia, Uppsala, Sweden. Chemicals for polyacrylamide 
gel electrophoresis were the product of Bio-Rad, California, USA. All other 
reagents were of analytical grade and were used without fiuther purification. 
3.2.2 Purification of "ADH-activating" Protease 
Grass carp was obtained from local market and it was killed by a blow on 
the head. The liver was taken out and stored at - 7 0 � C before use. Lti one typical 
preparation, 20 g of grass carp liver was homogenized in 40 ml of 10 mM Tris-
HCl (pH 7.9). The homogenate was centrifuged at 42,500 g for 1 hr. The 
supernatant was heated at 60 °C (twice, each for 5 min), and centrifuged again at 
42,500 g for 30 min. The final supernatant was dialyzed against 2 litres of 10 mM 
Tris-HCl Q)H 7.9) with two changes of buffer. After dialysis, it was applied to a 
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DEAE-cellulose colunm (5 x 10 cm), previously equilibrated with 10 mM Tris-
HCl (pH 7.9). The fractions containing "ADH-activating" activity were eluted out 
by 0.1 M NaCl, 10 mM Tris-HCl (pH 7.9). Fractions were pooled and 
concentrated by ultrafiltration. The sample was dialyzed against 10 mM Tris-HCl 
(pH 7.5) before fmther purification by a Q-Sepharose colunm (1.5 x 12 cm). The 
column was eluted with a linear gradient of NaCl (0-0.3 M) in 10 mM Tris-HCl 
(pH 7.5). Those fractions exhibiting "ADH-activating" activity were pooled and 
concentrated by Centricon-10 to about 1 ml. After dialysis with 10 mM sodium 
phosphate (pH 7.5), the protease preparation was loaded onto a benzamidine-
Sepharose colunm (1 x 10 cm) which had been equilibrated with the same buffer. 
The protease was eluted with the same buffer. Active fractions were pooled, 
concentrated, dialyzed and stored at 4 � C for further analysis. 
3.2.3 Enzyme and Protein Assays 
3.2.3.1 "ADH-activating" Activity Assay 
Litact grass carp ADH (ADH-I) isolated as described in Chapter 2, was 
used as the substrate for the assay. Jn the "ADH-activating" activity assay, the 
protease preparation was incubated with grass carp ADH-I in 10 mM sodium 
phosphate (pH 7.5) at 30 °C. Aliquots were removed at time intervals for ADH 
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activity assay. ADH activity was determined spectrophotometrically at 2 5 � C by 
following the production ofNADH at 340 nm (s340 = 6220 M"^ cm"^ ) in an assay 
medium with 2.5 mM NAD+ in 0.1 M gIycine-NaOH buffer (pH 10.0) containing 
40 or 250 mM ethanol as substrate. One unit of ADH activity corresponds to the 
formation of lpmol NADH per minute. 
3.2.3.2 Caseinolytic Activity Assay 
The assay was carried out with 1% casein in 0.1 M Tris-HCl (pH 8.0) 
containing 10 mM CaCl2. After incubation at 3 7 � C for 15 min, the reaction was 
stopped by adding the same volume of 5 % trichloroacetic acid. The amount of 
acid soluble product was determined colorimetrically by the method of Lowry et 
al. (1951). One unit of caseinolytic activity is defined as the amount of enzyme 
that causes an absorbance increase at 750 nm of 1.0 per 60 min. 
3.2.3.3 Amidase Activity Assay 
The amidase activity was assayed by using Suc-AAPF-NA as substrate. The 
assay was performed at 25 °C with 0.3 mM Suc-AAPF-NA, 10 mM CaCl2, 0.1 M 
Tris-HCl (pH 8.0). The reaction was followed by the release of / 7 - n i t r 0 a n i l i d e with 
increase in absorbance at 410 nm (S410 = 8480 M~^ cm"^ ). One unit of amidase 
activity is defined as the production of lpmol 7>nitr0anilide per minute. 
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3.2.3.4 Esterase Activity Assay 
The esterase activity assay was carried by using BTEE as substrate. The 
assay was performed at 2 5 � C with 0.5 mM BTEE, 10 mM CaCl2 and 5% 
methanol in 0.1 M Tris-HCl (pH 8.0). The assay was followed by the increase in 
absorbance at 256 nm (s256 = 964 M"^cm'^ ). One unit of esterase activity is defined 
as the hydrolysis of lpmol BTEE per minute. 
3.2.3.5 Protein Assay 
Protein concentration was determined by the method ofLowry et al., (1951) 
using bovine serum albumin as standard. Details were as described in Section 
2.2.5. 
3.2.4 Electrophoretic Procedures 
3.2.4.1 Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis 
(SDS-PAGE) 
Electrophoresis in SDS-polyacrylamide gel was performed according to the 
method of Laemmli and Favre (1973) using 12% separating gel and 5% stacking 
gel. Details were as described in Section 2.2.6. 
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3.2.4.2 Isoelectric Focusing ^EF) 
Isoelectric focusing of "ADH-activating" protease was performed on the 
PhastSystem (Pharmacia) with BEF 4-6.5 gel and stained with Coomassie Blue 
according to manufacturer's recommendation. The pI of protease was estimated by 
using the Pharmacia JEF standards. 
3.2.5 Amino Acid Composition Analysis 
Protease was hydrolyzed in 6N hydrochloric acid at 125�C for 24 hr. For 
cysteine content determination, 352.5 mM DMSO was included in the acid 
hydrolysis mixture (Spencer & Wold，1973). Details were as described in Section 
2.2.8. 
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3.3 Results 
3.3.1 Purification and Molecular Properties of "ADH -activating" 
protease 
The purification process of the "ADH-activating” protease was monitored 
by its activating effect on grass carp intact ADH (ADH-I). The supernatant after 
heat treatment was loaded onto DEAE-cellulose column. Elution with a step 
gradient of 0.1 M NaCl separated the proteins into two fractions，the breakthrough 
D-I and the adsorbed D-H (Fig. 3.1). The D-H fraction was found to contain the 
"ADH-activating" activity. After this anion-exchange column more than 80 % of 
other protein was removed but 69 % of enzyme activity from the heated 
supernatant was retained (Table 3.1). Further removal of the contaminating anionic 
proteins was achieved by another, more efficient anion exchanger, Q-Sepharose, 
cohmrn developed with a linear salt gradient of 0-0.3 M NaCl. Four major peaks 
were resolved (Fig. 3.2). Among them, Q-ffl, i.e. the one eluted with � 0 . 1 2 M 
NaCl, was found to possess the "ADH-activating" activity. The final purification 
was achieved by the benzamidine-Sepharose column which slightly retarded the 
“ADH-activating” protease (Fig. 3.3). The final preparation obtained (B-I) was 
homogeneous upon SDS-PAGE analysis. A single band of 28 kDa was observed 
(Fig. 3.4). Isoelectric focusing experiment also showed virtually a single band with 
an isoelectric point of 5.8 (data not shown). The amino acid composition of the 
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Fig. 3.1 Chromatography of "ADH-activating" protease on DEAE-cellulose. The 
supernatant, after heat treatment, was loaded onto the column (5 x 10 cm), which 
was washed with 10 mM Tris-HCl, pH 7.9 (D-I) and eluted with 0.1 M NaCl (D_ 
n) in the same buffer. Fractions of 8 ml were collected 
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Table 3.1 Purification of “ADH-activating’，protease.‘ 
Purification Total Total Protein Specific Purification Yield 
Steps b Activity (mg) ^ Activity (fold) (%) 
O J ) c (u/mg) 
CrudeExtract 36^ 880 ^ 1 100 
HeatedExtract ~Th 406 ^ L64 ^ 
DEAE-cellulose I s 6 ^ 5 ^ ^ 8 ^ 5L8 
Q-Sepharose ^ O s 70.88 YlTl W \ 
Baizamidine- ^ 0 ^ 9s!l3 232.7 ^ 
Sq)harose 
a 20 g of grass carp liver was used 
b The purification procedures are described in Section 3.2.2. 
e Enzyme activity was determined by the hydrolysis ofBTEE at 2 5 � C , pH 8.0. 
d Protein concentration was determined by the method ofLowry (1951). 
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Fig. 3.2 Chromatography of "ADH-activating" protease on Q-Sepharose. The 
fractions ofD-H from DEAE-cellulose column were pooled, concentrated dialyzed 
and applied onto Q-Sepharose column (1.5 x 12 cm). The column was eluted by a 
linear gradient ofNaCl (0-0.3 M) in 10 mM Tris-HCl (pR 7.5). Fractions of 5 ml 
were collected. 
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Fig. 3.3 Chromatography of "ADH-activating" protease on benzamidine-
Sepharose. The fractions in Q-HI from the Q-Sepharose column were pooled 
concentrated, dialyzed and applied onto a benzamidine-Sepharose column (1 x 10 
cm). The colmnn was washed with 10 mM sodium phosphate Q)H 7.5). Fractions 
o f2 ml were collected 
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Fig. 3.4 SDS-PAGE of the sample at different stages of purification. Lane 1: crude 
extract; lane 2: supernatant obtained after heat treatment; lane 3: D-H; lane 4: Q-
nr； lane 5: B-I; lane 6: molecular mass markers. 
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grass carp "ADH-activating protease was shown in Table 3.2. Using this scheme, 
about 0.77 mg of "ADH-activating" protease could be obtained from 20 g of grass 
carp liver in 4 days (Table 3.1). 
3.3.2 Effect ofProtease bihibitors on "ADH-activating" Protease 
The effect of a number of different types of protease inhibitor, including 
both reversible and irreversible one, was tested on the activity of the purified 
protease (Table 3.3). Among the inhibitors examined, only SBTI, PMSF, TPCK 
and 3,4-DCI could significantly inhibit the activity of the protease: less than 30 % 
of the caseinolytic activity remained under the experimental condition employed. 
On the other hand, leupeptin，pepstatin A, EDTA, 1,10-phenanthroline, aprotinin， 
benzamidine, iodoacetic acid and E-64 had only minor effect, if there was any, on 
the enzyme. More than 80 % of the activity remained after treatment. 
3.3.3 Kinetic Properties of "ADH-activating" Protease 
The purified protease did not show any activity towards the trypsin-specific 
ester substrate BAEE (data not shown). On the contrary, it was very active towards 
the chymotrypsin-specific ester substrate BTEE, the specific activity was 102 
U/mg protein. It also showed a high activity (8.22 U/mg) towards the 
chymotrypsin-specific amide substrate Suc-AAPF-NA. For both esterase and 
amidase activities, the pH optimum was around pH 7.5 to 8.5 (Fig. 3.5). 
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Table 3.2 Amino acid composition of "ADH-activating" protease. ® 
Amino "ADH- Carp Anchovy cod bovine 
acid activating" Chymotrypsin chymotrypsin chymotrypsinogen chymotrypsin 
protease  
Asp — 21 23 c 25 — 9(14)b — 23 c 
Thr 19 18 21 18 — 23 
Ser 31 24 21 — 18 28 
Glu — 14 i4d 21 9(10) ‘ 15d — 
Pro 14 12 15 — 11 9 
Gly 30 22 17 — 25 23 
Ala 19 — 21 12 21 22 
Val 19 — 22 19 24 一 23 
Met 1 — 2 2 ~ “ 6 一 2 
De 13 13 10 — 10 10 
Leu 22 — 19 14 18 一 19 
Tyr 13 — 6 3 5 — 4 
Phe 5 4 4 6 一 6 
KSs 7 6 10 — 6 2 
Lys 9 9 6 — 8 14 
Arg 9 9 9 9 4 
Trp N p e 8 6 ~ 8 8 
Cys 10 8 9 10 10 
Total: 256 240 ~ 234 245 245 
M.W. 2 7 7 6 3 ~ 25570 25830 26211 — 25605 
References this study Cohen et al., Heu et al., Gu6mundsd6ttir et Cohen et al.,  
1981a 1995 al., 1994 1981a 
a The determination procedures are described in section 3.2.4. Values are the 
nearest integer expressed as amino acid residues/mole based on molecular weight 
as determined by SDS-PAGE. 
b The number in parenthesis represents the number of Asn and Gln respectively, 
e The number ofresidues = Asp + Asn. 
d The niunber ofresidues = Glu + Gln. 
e ND: Not determined 
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Table 3.3 Effect of inhibitors on "ADH-activating" protease. 
Mibitor Concentration Residual Activity (%) 
caseinolytic esterase amidase 
(A) Reversible Mubitors: ^ 
Leupeptin ”O.lmg/ml~~ ^ 95A ^ 
Pepstatin A O.lmgAnl 87.0 ND' ND 
EDTA lOmM 81.0 82 100 
1, 10-Phenanthrobne 10 mM 89.7 ND 96 
Aprotinin O.lmgAnl 91.2 ND ND 
Benzamidine 10 mM 86.9 ND 96.2 
SBTI 0.2 mg/ml 1.6 0 0 
(B) &reversible Lihibitors: ^ 
PMSF lmM 0 0 0 
TPCK lmM 27.4 28.1 43.9 
Iodoacetic acid lOmM 96.3 96.2 100 
3,4-DCI O.lmg/M 2.8 1.39 0 
E-64 O.lmg/ml 90.1 102 88.2 
^ The reversible inhibitors was directly added to the assay medium, 
b The irreversible inhibitors was first incubated with the purified protease at 25 °C 
for 30 min before an aliquot was taken for activity assay. 
e ND: not determined, as the inhibitor itself had strong absorbance at the 
wavelength used to follow the enzyme assay. 
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Fig. 3.5 pH-activity profile of grass carp "ADH-activating" protease. Activity was 
determined by using BTEE (closed circle) or Suc-AAPF-NA (opened circle) as 
substrate. The reaction buffer used was sodium acetate (pR 5-6), Hepes-NaOH 
(pH 6-8)，Tris-HCl (pH 7.5-9) and gIycine-NaOH (pU 9-10.5). All the reaction 
buffers were 0.1 M and contained 10 mM CaCl2. 
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3.3.4 Activation of ADH by "ADH-activating" Protease 
When the grass carp intact ADH (ADH-I) was incubated with the protease, 
activation of the ADH occurred progressively. The degree of activation depended 
on the concentration of substrate used in the assay medium. When 40 mM ethanol 
was used for the activity assay, the activity of ADH only increased by about 50 % 
after 6 hr incubation. However, when the concentration of ethanol used was 250 
mM, the activity could be enhanced by more than 5.4 fold (Fig 3.6). This 
activation was found to be accompanied with proteolytic cleavage, as shown by 
SDS-PAGE analysis ^Fig. 3.7). After 6 hr incubation, the 40 kDa subunit of the 
intact enzyme was cleaved to form the 27 and 13 kDa subunits. The proteolytic 
activation could be retarded in the presence of NAD+， the coenzyme of ADH. 
Using 250 mM ethanol in assay medium, ADH was only activated by 1.8 fold after 
1 hr incubation in the presence of 10 mM NAD+. That was much lower than the 
3.2 fold activation observed when NAD+ was absent. Li contrast to grass carp 
ADH, horse ADH was resistant to the treatment with this protease. The activity of 
the enzyme, assayed at both 40 and 250 mM ethanol, together with the subunit 
structure, had no significant change under the same proteolytic treatment (data not 
shown). 
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Fig. 3.6 Activation of ADH by the protease. The protease was incubated with 
ADH at a ratio of 1:20 (w/w), in the presence (square) and absence (circle) of 10 
mM NAD+. Aliquots were removed at intervals and assayed for ADH activity with 
40 (closed symbols) or 250 (open symbols) mM ethanol as substrate. 
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Fig. 3.7 SDS-PAGE analysis ofADH before and after "ADH-activating" protease 
treatment. Lane 1: before treatment; lane 2: after 6 hr incubation; lane 3: molecular 
weight markers. 
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3.4 Discussion 
The "ADH-activating" protease was purified by a combination of heat 
treatment and chromatographies, ln the crude extract, the "ADH-activating" 
protease co-existed with the intact ADH-I and its activated cleavage product, 
ADH-C. The monitoring of protease during the purification by the "ADH-
activating" assay was complicated in the presence of ADH-I and ADH-C. The 
application of the heat treatment at the very beginning of the purification process 
could denature both ADH-I and ADH-C but had only minor effect on the protease. 
Thus, it could facilitate the monitoring of the protease in the “ADH-activating’， 
assay. Although ADH could also be successfully separated from the protease by 
passing through the crude extract through the DEAE-cellulose and Affi-gel Blue 
agarose columns as mentioned in Chapter 2，the simple heat treatment was much 
faster and less cumbersome than the chromatographic procedure. Li addition, heat 
treatment could remove about 50 % of other protein in the crude extract with more 
than 75 % ofprotease activity remaining (Table 3.1). Therefore heat treatment was 
an essential step in the purification of "ADH-activating" protease. 
Treatment with different groups of protease inhibitor is a general procedure 
for initial classification of a protease. The serine protease inhibitors, including 
PMSF, 3,4-DCI, TPCK and SBTI, had significant inhibitory effect on the "ADH-
activating" protease in the caseinolytic assay. Li contrast to serine protease 
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inhibitors, other classes of protease inhibitors including metallo ^EDTA, 1,10-
phenanthroline), aspartic ^pepstatin A) and cysteine (leupeptin, iodoacetic acid and 
E-64) protease inhibitors had only minor effect on this protease. The resdts on the 
inhibitor study suggested that the grass carp "ADH-activating’’ protease was a 
serine protease. 
The different inhibitors of the serine protease inhibitor family also had an 
apparent differential effect on protease. Some inhibitors, for example PMSF, could 
inhibit all the serine proteases. However, TPCK is more specific for chymotrypsin-
like protease whereas benzamidine and leupeptin are the well-known trypsin 
inhibitors. Li the present investigation, TPCK could significantly inhibit the 
activity of the “ADH-activating，’ protease in the caseinolytic assay whereas 
benzamidine and leupeptin only showed minor effect on the enzyme. The absence 
of strong interaction between the protease and benzamidine could also be observed 
in the elution profile of the protease on the benzamidine-Sepharose colunm (Fig. 
3.3). Such resuks indicated that the protease was more likely to be a 
chymotrypsin-like rather than a trypsin-like protease. It was consistent with the 
observation that the grass carp "ADH-activating" protease was resistant to 
aprotinin. Generally, aprotinin is a more trypsin-specific inhibitor, it can inhibit 
most but not aU chymotrypsins. For example, it only possesses limited effect on 
the cod (Asgeirsson & Bjamason, 1991) and rainbow trout (Kristj^sson & 
Nielsen, 1992) chymotrypsin. 
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The substrate specificity ftuther confirm that the protease was a 
chymotrypsin-like protease. The protease had no activity towards hydrolysis of 
BAEE, the trypsin-specific ester substrate, but it possessed very strong activity 
towards hydrolysis ofBTEE, the chymotrypsin-specific ester substrate. Its specific 
activity was about 2.8 fold higher than the bovine chymotrypsin. The higher 
catalytic activity was a general phenomenon observed on the chymotrypsin 
purified from other fish species (Asgeirsson & Bjamason，1991; Kristj^sson & 
Nielsen, 1992; Cohen et al., 1981b; Ramakrishna et al., 1987). Besides, the high 
activity of the enzyme towards the hydrolysis of chymotrypsin-specific amide 
substrate, Suc-AAPF-NA, also suggested it as a chymotrypsin-like protease. The 
results of protease inhibitors on the esterase and amidase activity of the protease 
ftuther confirmed this suggestion (Table 3.3). The pH activity profile of esterase 
and amidase activities were very similar, the optimal pH of these activities was 
from pH 7.5 to 8.5. The results was similar to other fish chymotrypsins 
(Asgeirsson & Bjamason，1991; Kristj^sson & Nielsen，1992; Cohen et al., 
1981b; Raae & Wakher, 1989; Heu et al., 1995). It was consistent with the 
enzyme being a serine protease; since the activity of the serine protease depends 
on the deprotonation of the active site histidine residue, which has a pKa value of 
about 6.5 to 7.0 (Hess, 1971). The importance of the histidine residue in the 
catalytic properties of the grass carp protease was also obvious from its 
inactivation by the chloromethyl ketone TPCK. 
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The structural properties of the grass carp chymotrypsin also corresponded 
to the chymotrypsins from other fish. The molecular mass of the grass carp 
protease from SDS-PAGE analysis was 28 kDa which was compatible with the 
molecular weight range from 25 to 29 kDa in other fish chymotrypsins (Asgeirsson 
& ^jamason, 1991; Kristj^sson & Nielsen, 1992; Raae & Wakher, 1989; Heu et 
al., 1995; Cohen et al., 1981a). The electrophoretic pattem was not changed in the 
presence or absence of the reducing agent p -mercaptoethanol, suggesting that the 
enzyme consisted of a single polypeptide, which was in contrast with the bovine 
chymotrypsin that splits into three peptide chains under reducing condition (Hess, 
1971). However, it could not be ruled out that a small peptide might be lost on 
SDS-PAGE. This is the case in cod chymotrypsin which give a single band on 
SDS-PAGE (Asgeirsson & Bjamason, 1991), but amino acid sequencing indicates 
a small A (13 amino acids) chain is accompanied with a long B chain (Raae et al., 
1995; Leth-Larsen, 1996). Therefore the exact structural organization of the grass 
carp chymotrypsin remains to be elucidated 
The amino acid composition of grass carp chymotrypsin was similar to the 
chymotrypsin of carp, anchovy, cod and even bovine (Table 3.2). Among them, it 
shared the highest similarity with the carp chymotrypsin. Like other fish 
chymotrypsin, grass carp chymotrypsin had a high ratio of acidic-to-basic amino 
/ 寿 
acid that was quite different from the mammalian enzyme (Asgeirsson & 
Bjamason, 1991; Kristj^sson & Nielsen, 1992; Raae & Wakher, 1989). The 
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residt ofisoelectric focusing was consistent with such observation. The pI of grass 
carp chymotrypsin was 5.8, which was much lower than that of bovine 
chymotrypsin ^>I �8 .5 ) (Laskowski, 1955). The most significant difference 
between grass carp and bovine chymotrypsin was that the former contained a 
lower number of Lys but higher number of Arg and His. Unlike other 
chymotrypsins, grass carp enzyme contained a high amount of Tyr, that was 
significantly different from all the other species studied (Cohen et al., 1981a; Heu 
et al., 1995; Gu6mundsd6ttir et al., 1994). 
Chymotrypsin usually exists in different form in nature. For example there 
are two different forms of chymotrypsin in cod enzyme (Asgeirsson & Bjamason， 
1991; Raae et al., 1995) and rainbow trout (Kristj^sson & Nielsen, 1992). 
Although only one form of chymotrypsin was isolated in the present study, another 
form might co-exist with it in the grass carp liver. The reason may be due to the 
fact that the "ADH-activating" assay but not the chymotrypsin-specific assay, i.e. 
hydrolysis of BTEE, was used to monitor the protease purification in the present 
investigation. Actually, another chymotrypsin was found in the breakthrough of 
DEAE-cellulose (D-I in Fig 3.1)) and it possessed similar activity as the "ADH-
activating" protease in the hydrolysis ofBTEE. It had a slightly smaller molecular 
weight upon SDS-PAGE analysis. However, its "ADH-activating" activity was at 
least 10 fold lower than the "ADH-activating" protease, so it was removed during 
the purification (data not shown). 
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Direct incubation of the "ADH-activating" protease with grass carp ADH-I 
could generate the more active ADH-C. SDS-PAGE analysis suggested that the 
ADH-I of 40 kDa was cleaved to the ADH-C of two different types of subunit, 
namely 27 and 13 kDa. It was consistent with our previous experiment in which 
ADH-I was incubated with an ADH-free crude liver extract (Section 2.3.5). The 
generation of a cleaved, more active form of ADH by direct addition of this 
protease to ADH-I also proved our previous suggestion that ADH-C, obtained in 
the purification scheme without benzamidine and dithiothreitol, was the 
proteolytic product of ADH-I (Chapter 2). The protease purified in this study was 
responsible for such proteolytic activation. Benzamidine did not inhibit this grass 
carp chymotrypsin (Table 3.3), but it coidd prevent the proteolytic activation of 
grass carp ADH from this protease. The most possible reason was that 
benzamidine could inhibit trypsin and prevent the production of the active "ADH-
activating" chymotrypsin from its inactive zymogen, chymotrypsinogen. 
Most of the studies on fish chymotrypsin are purified from the pyloric 
caeca, tube-shaped evagination of the intestine, of the fish (Kristj^sson & 
Nielsen, 1992; Raae & Wakher, 1989; Raae et al., 1995). However, some fishes 
such as Cyprinidae which do not have a pyloric caeca, isolation of this digestive 
enzyme is from the pancreas (Cohen et al., 1981a). The grass carp pancreas is very 
diffused and is imbedded in the liver and therefore erroneously named 
hepatopancreas. Basically, grass carp pancreas and liver are fused together and 
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clear dissection of them is impossible (Harder, 1975). Thus, the grass carp 
chymotrypsin obtained in present study enzyme was believed to be a pancreatic 
enzyme. 
As a conclusion, the "ADH-activating" protease purified in the present 
study was a chymotrypsin-like protease. Its structural and kinetic properties 
resembled other fish chymotrypsins. This protease had significant differences in 
pI, kinetic and structural properties as well as amino acid composition from the 
bovine chymotrypsin. Thus, whether bovine chymotrypsin has any effect on ADH-
I remains to be seen. In following chapter the proteolytic activation of ADH-I by 
the commercially available proteases will be discussed 
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4.1 Introduction 
ADH-I and ADH-C were two different forms of grass carp ADH. They 
cx)uld be purified in the presence and absence of protease inhibitor respectively 
(Chapter 2). ADH-C was a proteolytic product of ADH-I and it possessed higher 
catalytic efficiency than ADH-L The protease responsible for this proteolytic 
activation was purified and identified as a chymotrypsin-like protease (Chapter 3). 
Similar to the study on grass carp ADH, some other proteolytic activation 
studies were also originated from the results of enzyme purification, i.e., the 
protease responsible for the cleavage is an endogenous protease. Li most cases, the 
proteases involved in the limited proteolysis is not purified and the proteolytic 
activation may be caused by the action of more than one protease or by a 
combination of proteolytic cleavages. This is the case in rat choline 
acetyltransferase (ChAT): variable proteolytic fragments of ChAT couW be 
obtained from different purification scheme (Wu et aI., 1995). Thus, purification 
of the protease involved in limited proteolysis is not an easy task. To avoid this, 
studies of proteolytic activation could also be carried out by using commercially 
available proteases. The specificity of these proteases are well-characterized and 
the cleavage site on the protein can also be easily located. Although different 
proteases have different specificity for amino acid residues of the protein, they 
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sometimes bring a similar activation effect on the enzyme. The exposed region 
which is susceptible for cleavage and for activation can then be studied 
Li order to see whether proteolytic activation can occur when ADH-I is 
treated with different proteases and to better understand the process and effects of 
proteolysis on ADH activity, limited proteolysis were carried out with known 
proteases. The effect on subunit structure and activity were examined. 
Apart from proteolytic cleavage, chemical modification can also activate 
enzyme activity. Lti horse ADH, chemical reagent like methyl picolinimidate and 
ethyl acetimidate can modify the e-amino groups of the lysine residues at the 
active site of the enzyme. The enzyme being alkylated or amidinated with 
substitutes that retain the positive charge has the maximum velocity of enzymatic 
reaction increased up to 10 fold (Plapp, 1970). The modification ofLys 228 in the 
active site is responsible for the activation of horse ADH. The kinetic mechanism 
ofthe modified enzyme appear to be the same as that of the native enzyme, that is, 
Ordered Bi Bi. The increased activity of the modified enzyme is due to an 
increased rate ofNADH dissociation from the enzyme.coenzyme complex, the rate 
limiting step in the reaction catalyzed by the native enzyme (Dubied & von 
Wartburg, 1977). 
Acetimidylation of grass carp ADH, including both ADH-I and ADH-C, 
was carried out with ethyl acetimidate. The effect of acetimidylation on grass carp 
ADH can be compared with the effect of proteolysis on enzyme activity. More 
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importantly, the result on whether ADH-C can be further activated by treatment 
with ethyl acetimidate is useful in studying the structure-activity relationship of 
the enzyme. 
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4.2 Materials and Method 
4.2.1 Materials 
Chymotrypsin, clostripain, subtilisin BPN', thermolysin, trypsin, horse 
ADH, NAD+，ethyl acetimidate and PMSF were purchased from Sigma, Missouri, 
USA. Alkaline protease, Glu-endoproteinase and Lys-endoproteinase were 
acquired from Promega, W. I., USA. The molecular weight calibration kit for 
SDS-PAGE was obtained from Pharmacia, Uppsala, Sweden. Affi-gel Blue 
agarose and chemicals for polyacrylamide gel electrophoresis were the product of 
Bio-Rad, California, USA. All other reagents were of analytical grade and were 
used without further purification. 
4.2.2 ADH-activating assay 
The purified ADH-I, obtained as described in Chapter 2, was incubated 
with various proteases including alkaline protease, Glu-endoproteinase, Lys-
endoproteinase, chymotrypsin, clostripain, subtilisin BPN', thermolysin and 
trypsin at 3 0 � C according to supplier's manuals. Li all cases, ADH-I and the 
protease was incubated at the ratio of 20:1. Aliquots were removed at time 
intervals for ADH activity assay as described in Section 3.2.3.1. 
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4.2.3 Protein Assay 
Protein concentration was determined by the method ofLowry et al., (1951) 
using bovine serum albumin as standard Details were described as Section 2.2.5. 
4.2.4 Analysis ofProteolytic Product 
Aliquot of the protease-treated ADH-I was taken out for SDS-PAGE and 
kinetic analysis. Before these analyses could be performed, proteolysis must be 
stopped together with the removal of the protease. The sample (0.5 ml) was chilled 
in an ice bath and was then subjected to an Affi-gel Blue agarose column (0.5 x 
3.5 cm) pre-equilibrated with 10 mM sodium phosphate (pH 7.2). The column was 
first washed with 1 M NaCl in the same buffer (10 ml) before ADH was finally 
eluted with 10 mM NAD+ (5 ml). The NAD+ eluted fractions were pooled and 
concentrated by ultrafiltration with Centricon-10 (Amicon). 
4.2.5 Sodium Dodecyl Sulfate PoIyacryIamide Gel Electrophoresis 
(SDS-PAGE) 
Electrophoresis in SDS-polyacrylamide gel was performed according to the 
method of Laemmli and Favre (1973) using 12% separating gel and 5% stacking 
gel. Details were as described in Section 2.2.6. 
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4.2.6 Acetimidylation of ADH 
For the acetimidylation of ADH-I and ADH-C, the method of Hennecke & 
Plapp (1983) was employed with slight modifications. Ethyl acetimidate solution 
(2.1 M) was freshly prepared and neutralized with potassium carbonate. It was 
added to the enzyme in 0.5 M triethanolamine-HCl buffer (pH 8.0)，at 2 5 � C to 
give a final concentration of 0.1 M. Due to the short half-life of ethyl acetimidate 
in the incubation mixture (about 5-10 min), fresh reagent was added at 15 min 
intervals to maintain the reagent concentration. Aliquots were removed at time 
intervals for ADH activity assay. Jn the control experiment, neutralized potassium 
carbonate was used instead of ethyl acetimidate. 
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4.3 Results 
4.3.1 Effect of Various Proteases on ADH-I Activation 
Licubation of either one of the following proteases, namely, clostripain, 
Lys-specific endoproteinase, Glu-specific endoproteinase, thermolysin and trypsin 
had no significant effect on the activity and structure of ADH-I under the present 
experimental condition (Table 4.1). The activity ofthe protease-treated ADH was 
assayed at both 40 and 250 mM ethanol. The activity of ADH-I retained about 80-
100 % activity after 6 hr incubation at 3 0 � C with these proteases. The resvdt was 
similar to the control experiment in which ADH-I was incubated under the same 
condition in the absence ofprotease. 
Licubation of ADH-I with alkaline protease and subtilisin BPN' showed an 
obvious change in activity of both enzymes (Fig 4.1). Li both cases, the activation 
showed a time-dependent manner. The activity assayed at both 40 and 250 mM 
ethanol increased continuously and became constant after 6 hr (Fig. 4.1A). The 
activation of ADH-I was increased by 1.5 fold and 5.8 fold in the assay medium 
containing 40 and 250 mM ethanol respectively. The difference in the activation 
was more obvious when the relative activity of the enzyme was expressed as a 
ratio of activity at 40 to 250 mM ethanol (Fig 4.1B). The activity 
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Table 4.1 Effect of various proteases on ADH-I activation. ^  
Protease Effect on the activation of ADH-I ^ 
alkaline protease ~^H" 
subtilisin BPN, +++ 
bovine chymotrypsin + 
clostripain -
Glu-specific endoproteinase 一 
Lys-specific endoproteinase 一 
thermolysin -
trypsin 一 
a ADH-I was incubated with various proteases at 3 0 � C according to supplier's 
manual. 
b The effect of activation was assayed with 40 mM and 250 mM ethanol, 5 mM 
NAD+, glycine-NaOH (pH 10.0). (+++ = strong "ADH-activating" activity, 
+ = moderate "ADH-activating" activity, 一 = no "ADH-activating" activity) 
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Fig. 4.1 Effect oftreatment ofADH-I with alkaHne protease (circles) and subtilisin 
BPN' (triangles). ADH-I was incubated with the protease in 10 mM sodium 
phosphate (pH 7.5) at 30 °C. (A) Aliquots were removed at the indicated times 
and activity was assayed with 2.5 mM NAD+ in 0.1 M gIycine-NaOH (pH 10.0) 
containing 40 (open symbols) or 250 mM (closed symbols) mM ethanol as 
substrate. (B) Activity ratio refers to the ratio of activity at 40 to 250 mM ethanol. 
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ratio of ADH-I was 1.35 and decreased upon incubation with either of these two 
proteases. After 6 hr incubation, the activity ratio was decreased to about 0.33. 
With ftuther incubation, the activity ratio had no significant change but the activity 
ofthe enzyme decreased with fiuther incubation (data not shown). 
Analysis of ADH structure was carried out in the time course of incubation 
with alkaline protease and subtilisin BPN'. Aliquot of sample was removed and 
the ADH species was separated from the protease by Affi-gel Blue agarose before 
SDS-PAGE analysis. Upon incubation with alkaline protease, the disappearance of 
the original 40 kDa ADH-I band was accompanied with the progressive 
appearance of two proteolytic fragments of 27 and 13 kDa (Fig. 4.2A). After 6 hr 
of incubation, the 40 kDa band was completely disappeared and all the ADH 
species there was in the cleaved form. Similar result was obtained from the 
incubation ofADH-I with subtilisin BPN', the ADH species on SDS-PAGE after 6 
hr incubation showed a two-band pattem (27 and 13 kDa) without ADH-I (Fig 
4.2B). 
The kinetic properties of alkaline protease- and subtilisin BPN'-treated 
ADH was compared with ADH-I in the oxidation of ethanol (Fig. 4.3). The 
activity of protease-treated ADH was higher than ADH-I at high concentration of 
ethanol, but the activity was lower than ADH-I when the ethanol concentration 
was lower than 20 mM. The alkaline protease- and subtilisin BPN'-treated ADH 
had a high Km value of 163 and 157 mM respectively, which was about 140 fold 
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Fig 4.2 SDS-PAGE analysis of the proteolytic product. ADH-I was incubated with 
(A) alkaline protease or (B) subtilisin BPN' in 10 mM sodium phosphate (pH 7.5) 
at 3 0 � C . After 0 (lanes 2, 9)，30 (lane 3), 60 (lane 4)，120 (lane 5)and 360 min 
(lanes 6 and 8)，the incubation mixture was passed throu^ an Affi-gel Blue 
agarose colunm. The ADH species eluted with NAD+ was then subjected to 
electrophoresis. Lanes 1 and 7: molecular mass markers (Phannacia). 
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Fig. 4.3 Activity response of ADH-I (circles), alkaline protease-treated ADH 
(triangles) and subtilisin BPN'-treated (squares) to increasing ethanol 
concentrations. The protease-treated ADH was obtained by incubating ADH-I with 
the corresponding protease in 10 mM sodium phosphate, pH 7.5 at 30 °C for 6 hr. 
The ADH was purified by Affi-gel Blue agarose before activity was determined 
with 2.5 mM NAD+ in 0.1 M gIycine-NaOH, pH 10.0，containing different 
concentrations of ethanol. 
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higher than that of ADH-I (1.13 mM). Thus, the affinity between ethanol and the 
enzyme was decreased after protease treatment. The Vmax value of the enzyme also 
increased after the specific cleavage. The Vmax value of the alkaline protease- and 
subtilisin BPN'-treated ADH were 41.6 and 41.7 U/mg respectively, that was 
about 7.8 fold higher than that ofADH-I (5.3 U/mg). 
When ADH-I was incubated with bovine chymotrypsin, the activation 
effect was also apparent but it was much slower than that obtained by incubation 
with alkaline protease and subtilisin BPN, ^Fig 4.4). The activity of grass carp 
ADH was increased by 2.1 fold and 3.8 fold when assayed with 40 and 250 mM 
ethanol respectively after 6 hr incubation with bovine chymotrypsin at 30。C, 
during which the activity ratio decreased from 1.35 to 0.70. Upon further 
incubation，the activity of bovine chymotrypsin-treated ADH-I was diminished 
Thus, the activity decreased by half after a further incubation of 14 hr while the 
activity ratio remained around 0.7, which was no fiuther change from 6 hr to 20 hr 
incubation (data not shown). 
Contrast to grass carp ADH, treatment of horse liver ADH with various 
proteases including alkaline protease and subtilisin BPN' had no significant 
change in enzyme activity and subunit structure. The enzyme retained about 90 % 
activity at both 40 and 250 mM ethanol after 6 hr incubation. SDS-PAGE analysis 
also failed to show any proteolytic effect on horse liver ADH (data not shown). 
103 
Activation of ADH-I by Commercial Proteases and by Acetimidylation 
400 - A • 
. _ ^ “ 
:| 300 一 m - ^ 
^ 200 ' ^ ^ ^ ^ y ^ ^ ^ 
i o o i r ^ ^ ^ 
g 1.2 i B 
活 ^  
1 1 �- ^ - < ^ 
•C 0.8 - ^ ^ \ _ 
< ^ ^ ~ o 
0.6 -
I 1 I  
0 100 200 300 400 
Incubation Time, min 
Fig. 4.4 Effect of treatment of ADH-I with bovine chymotrypsin. ADH was 
incubated with 10 mM CaCl2, 10 mM sodium phosphate (pH 8.0) at 3 0 � C . (A) 
Aliquots were removed at the indicated time and activity was assayed with 2.5 
mM NAD+ in 0.1 M glycine-NaOH (pH 10.0) containing 40 (opened circles) or 
250 (closed circles) mM ethanol as substrate. ¢8) Activity ratio refers to the ratio 
of activity at 40 to 250 mM ethanol. 
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4.3.2 Acetimidylation of grass carp ADH 
The activity of ADH-I was increased by the acetimidylation on the lysine 
residues of the enzyme. The activity was increased by 1.2 fold and 1.9 fold when 
assayed at 40 and 250 mM ethanol respectively OFig. 4.5A). The activity ratio was 
decreased from 1.14 to 0.70 after 3 hr acetimidylation OFig. 4.5B). Unlike ADH-I, 
the activity (assayed with both 40 and 250 mM ethanol) as well as the activity 
ratio of ADH-C had no significant change after the same treatment with ethyl 
acetimidate for 3 hr. 
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Fig. 4.5 Effect of acetimidylation on ADH-I (circles) and ADH-C (triangles). 
ADH-I and ADH-C was incubated with 0.1 M ethyl acetimidate in 0.5 M 
triethanolamine-HCl buffer (pH 8.0) at 25 °C. (A) Aliquots were removed at the 
indicated times and activity was assayed with 2.5 mM NAD+ in 0.1 M glycine-
NaOH (pH 10.0) containing 40 (open symbols) or 250 mM (closed symbols) mM 
ethanol as substrate. (B) Activity ratio refers to the ratio of activity at 40 to 250 
mM ethanol. 
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4.4 Discussion 
Lci the present study on the proteolysis of grass carp ADH, most of the 
proteases used could not make the activating cleavage on ADH-I under the 
experimental condition used Therefore ADH-I was quite resistant to proteolysis. 
Among the eight proteases tested, only alkaline protease and subtilisin BPN' could 
completely convert ADH-I (40 kDa) to the cleavage product (27 and 13 kDa). The 
formation of the cleavage products of ADH-I couId increase the activity towards 
the oxidation of ethanol. 
Although both alkaline protease and subtilisin BPN' were generally 
regarded as non-specific protease, their action on ADH-I were highly specific. 
From the SDS-PAGE analysis of the change in subunit structure of ADH-I during 
proteolytic treatment by these two proteases，it was shown that the 40 kDa band 
was progressively disappeared with the occurrence of another two bands of 27 and 
13 kDa in size (Fig 4.2A). The sum of molecular mass of these two bands was 
virtually the same as the molecular mass of 40 kDa of the original intact form, 
ADH-L Hence, it indicated that the protease cut ADH-I once to generate the two-
band form with molecular mass of 27 and 13 kDa. Although there may be a large 
number of potential cleavage sites on ADH-I, that specific site may be the only 
accessible one due to the quaternary conformation of the enzyme. It cannot be 
107 
Activation of ADH-I by Commercial Proteases and by Acetimidylation 
excluded, however, that may be very small fragment, which cannot be detected on 
SDS-PAGE, being released in the process. 
Before performing SDS-PAGE analysis of the proteolytic product, the 
protease should firstly be removed The cleavage on ADH-I by both alkaline 
protease and subtilisin BPN' was much faster and more non-specific under heating 
in the presence of SDS. When the incubation mixture was analyzed directly with 
the addition of sample loading buffer (containing SDS) followed by heating, 
subsequent SDS-PAGE failed to show any band Such phenomenon was due to the 
fact that heating of the sample in the presence of SDS unfolded the protein and 
exposed more cleavage site to the protease which was more resistant to heating 
and SDS. Even the addition of PMSF (10 mM) was insufficient to stop the 
cleavage reaction. Therefore, the Affi-gel Blue affinity chromatography step was 
performed to stop the proteolytic reaction by removal of the protease from ADH. 
The two fragments generated by treating ADH-I with alkaline protease and 
subtilisin BPN' were tightly associated with each other. The non-covalent 
interaction was strong enough to resist the dissociating effect of 1 M NaCl used in 
washing the Affi-gel Blue agarose colmnn. The two fragments were eluted firom 
the column together with 10 mM NAD+. The protease-treated ADH showed a 
single peak of 80 kDa by size-exclusion chromatography on Superose-12 column, 
verifying that the two fragment were associated together in the native form. 
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ADH-I after specific cleavage by the two aforementioned protease had 
similar catalytic activity and kinetic properties towards oxidation of ethanol. The 
Km and Vmax valucs of these protease-treated ADH were 140 and 7.8 fold, 
respectively, higher than those of the intact enzyme. Their kinetic properties, 
together with their SDS-PAGE patterns were similar to those of ADH-C. It implied 
that the proteolytic cleavage responsible for the conversion of ADH-I to the 
activated cleaved form was at a similar region for different proteases and with the 
same effect on the kinetic properties of the enzyme. 
Another protease, bovine chymotrypsin, could also activate ADH-I 
significantly, but the activation was slower than the two proteases mentioned 
above. Unlike alkaline protease and subtilisin BPN', bovine chymotrypsin could 
not completely convert ADH-I to the more active cleavage product. After 6 hr 
incubation at 3 0 � C , ADH-I was only partially changed to the two-band cleavage 
product on SDS-PAGE analysis (data not shown). Prolonged incubation led to a 
reduction of enzyme activity resulting from additional proteolysis on the cleaved 
form, as shown from the result on SDS-PAGE analysis of ADH-I after treating 
with bovine chymotrypsin for 20 hr (data not shown). The intensity of the 27 and 
13 kDa bands were lower compared with that obtained after 6 hr incubation. 
Although the molecular mass of the larger subunit generated by the 
incubation ofADH-I with bovine chymotrypsin was approximately 27 kDa, it was 
slightly higher than that obtained from the incubation with alkaline protease and 
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subtilisin BPN' when the proteolytic products were analyzed on the same gel. 
Thus it was likely that a few residue difference at the cleavage site on ADH-I 
could lead to a similar activation of the enzyme. 
The activation effect of bovine chymotrypsin on ADH-I was much lower 
than that by grass carp "ADH-activating" protease (Chapter 3). It might be due to 
the charge and the catalytic efficiency difference between the two chymotrypsins. 
Actually, the esterase activity assayed by hydrolysis of BTEE of grass carp 
chymotrypsin was at least 2.8 fold higher than that of bovine chymotrypsin 
(Section3.3.4). 
Contrast to grass carp ADH, the same proteolytic treatment on horse liver 
ADH failed to show any observable effect on the activity and subunit structure. 
This difference in proteolytic behavior may be related to the structural difference 
in both the primary and quaternary structure of the enzymes. Unfortunately, the 
amino acid sequence of grass carp ADH has not been determined. Anyway, when 
the amino acid sequence ofhorse ADH (J6mvall, 1970) was compared with that of 
cod ADH (Danielsson et al., 1992), the only fish ADH where sequence is 
available, the sequence homology is only about 55.9 %. Crystallographic studies 
also indicated a major difference in the relative position of the domains (El-Ahmad 
et al., 1995). Thus, it is not entirely unexpected that the two ADHs differed 
significantly in their susceptibility to proteolytic cleavage. 
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Grass carp ADH represented the only example of ADH in which the 
proteolytic product was catalytically active and actually, it was even more active 
than the intact enzyme. ADH had been purified from a number of other fish 
species (Al-Kassim & Tsai, 1993; Bauemeister & Sargent, 1978; Tsai et al., 1987; 
Danielsson et al., 1992; 1996). However, no proteolytic activation has been 
observed in these studies. All the ADH purified from fish are typical medium-
chain ADH with subunit molecular mass of 40 kDa, even without addition of 
protease inhibitor during the purification. Generally, enzyme in its native form is 
quite resistant to proteolysis, and proteolytic activation of the enzyme requires the 
presence of the right protease. It is also possible that the ADH itself is not 
susceptible to proteolysis even the protease co-exist with it in the tissue extract. 
Comparative studies in our laboratory (Tsai & Fong，unpublished) on big head 
carp {Aristichthys nobilis) and Japanese eel (Anguilla japonica) ADH showed that 
both possibilities coidd occur. For both species, the ADH purified were the intact 
form even in the absence of protease inhibitor. However, the ADH from big head 
carp could be proteolytic activated by either alkaline protease, subtilisin BPN' or 
the purified grass carp chymotrypsin. Li contrast, proteolytic treatment on 
Japanese eel ADH could not show any proteolytic or activating effect. 
Acetimidylation of grass carp ADH-I could enhance the activity of the 
enzyme towards oxidation of ethanol. The activity could be increased by 1.9 fold 
with 3 hr repetitive acetimidylation when assayed at high concentration (250 mM) 
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of ethanol. The increase was not as obvious when the assay was carried out at 40 
mM ethanol, the activity could only increase by 1.2 fold. Ethyl acetimidate failed 
to activate ADH-C and the activity was quite constant with continuous 
acetimidylation for 3 hr. The result presented here showed the significance of the 
lysine residue in the active site of ADH-I. Acetimidylation of the lysine residue 
could enhance its activity by decreasing the time for the dissociation of NADH 
form the coenzyme- enzyme complex. The increase of activity was only 1.9 fold 
which is lower than the same treatment on horse ADH (Dubied & von Wartburg, 
1977). It may be due to the difference in amino acid residues as well as the shape 
of the active site between fish (Danielsson et al., 1992) and horse ADH. Again, 
such hypothesis was based on the primary structure and crystallographic studies on 
cod ADH, as those of grass carp ADH are not available. The observation on 
acetimidylation coidd not further activate ADH-C indicated that the difference in 
the active site between ADH-I and ADH-C. Thus, the active site was changed 
through the action of proteolysis as the dimeric ADH-I was converted to the 
tetrameric ADH-C. However, since the structure of ADH-I and ADH-C were not 
available, comparison on their active site structure remain to be examined. 
Limited proteolysis of ADH-I by commercial proteases could provide 
additional information on the region involved in proteolytic activation of the 
enzyme. The effect of acetimidylation on ADH-I and ADH-C reflected that the 
active site was changed after proteolysis. Although the detail mechanism of 
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proteolytic activation had not been determined, the resuks provided some new 
information on the structure-activity relationship of ADH. 
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i i th^ present investigation, two different forms of grass carp liver ADH 
were purified and one (ADH-C) of them contained two types of subunit, 27 and 13 
kDa. This ADH was identified as the proteolytic product ofthe original intact form 
(ADH-][). The problem raised from the previous study on grass carp liver ADH 
(Fong, 1991) that it contains only a band at 27 kDa was solved An additional band 
at 13 kDa was observed in the present study. Kinetically, ADH-C resembled the 
ADH purified in that study. 
Although ADH-C was a proteolytic product of ADH-I, it possessed even 
higher catalytic activity towards ethanol oxidation than ADH-L ADH-C was the 
first demonstration of an active proteolytic product in the ADH superfamily. Even 
though a recent study on horse ADH suggests that the proteolytic fragment of 
horse liver ADH by Lys-specific protease might be active (Roumi et al., 1993), 
however, no purification and direct assay on that fragment has been performed. 
Such proteolytic fragment is indirectly suggested to be active only by the 
observation that the disappearance of the intact band on the SDS-PAGE was faster 
than the activity loss. 
From the comparative study on the proteolytic treatment of big head carp 
and Japanese eel liver ADH with various proteases including the grass carp "ADH-
activating" protease, it appeared that proteolytic activation was not a common 
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phenomenon in all fish ADH. ADH from big head fish liver could be activated by 
grass carp "ADH-activating" protease, subtilisin BPN' and alkaline protease 
whereas these proteases failed to show any effect on Japanese eel liver ADH. 
Thus, proteolytic activation might occurred in a limited number of fish species. 
Nevertheless, only three different types of fish had been examined on such 
proteolytic treatment and Japanese eel is quite distant evolutionary from grass 
carp, therefore the present observation might only be the tip of an iceberg. A more 
complete picture can be obtained by further studies on ADH from different fish 
species. Moreover, a single residue change in the accessible region on the enzyme 
could change its susceptibility to protease. Hence, different ADH might be 
activated by different proteases. 
Studies on fish ADH structure are still relatively unexplored. The only 
available primary sequence and crystal structure on fish ADH is the cod ADH. To 
elucidate the structural change of the grass carp liver ADH after proteolytic 
cleavage, structural and crystallographic study on ADH-I and ADH-C is essential 
to understand the structure/function relationship of the enzyme as the differential 
effect of acetimidylation on ADH-I and ADH-C show a change in active site after 
proteolysis. 
Li short, the present study provides a new way to study the 
structure/fimction relationship on ADH, as ADH-C was tetrameric after 
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proteolysis from the dimeric ADH-I. The subunit requirement and the quaternary 
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